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Final Progress Report for Grant application DAMD 17-96-1-6072 
Epithelin/granulin precursor in human breast cancer cells 
Ginette Serrero, Ph.D. Principal Investigator 

INTRODUCTION 
The goals of this grant application were to investigate the expression and the role of a growth factor PC- 
Cell Derived Growth Factor (PCDGF) in human breast cancer cells. 
PCDGF is a novel autocrine growth factor, originally purified in the Pi's laboratory as a growth factor for 
the highly tumorigenic teratoma-derived cell line PC. Structural characterization of PCDGF indicated that 
it was an 88 kDa glycoprotein with a 20 kDa carbohydrate moiety (Zhou et al, 1993). Amino-acid 
sequencing indicated that PCDGF corresponded to the precursor of a novel family of 6 kDa double 
cysteine-rich polypeptides, called epithelins or granulins, originally purified from kidney extracts or 
granulocyte extracts (Plowman et al, 1992; Bandhary et al, 1992). 
Comparative studies of PCDGF expression and action indicated that expression of PCDGF was very low 
in non-tumorigenic cells from which PC cells was derived and increased in tumorigenic derivatives in 
proportion with their tumorigenicity. Inhibition of PCDGF expression in PC cells by transfection of 
antisense PCDGF cDNA resulted in a complete inhibition of in vivo tumor growth (Zhang and Serrero, 
1998). These results suggested that PCDGF overexpression in PC cells was associated with their high 
tumorigenicity. 
To further investigate this possibility, it was demonstrated that: 1) treatment of PC cells with an anti- 
PCDGF neutralizing antibody inhibited their growth, confirming that PCDGF acted as an autocrine 
growth factor for the tumorigenic PC cells and 2) inhibition of PCDGF expression in PC cells by 
transfection of antisense PCDGF cDNA resulted in a complete inhibition of in vivo tumor growth (Zhang 
et al, 1998). These studies indicated that an acquisition of an autocrine production of PCDGF resulted in 
the deregulated growth of PC cells leading to tumor formation in vivo and that PCDGF acted as a 
tumorigenic growth factor. 
These results demonstrated for the first time that the inhibition of PCDGF action or expression 
constitutes a potent and specific approach to inhibit tumor formation. 

Based on these results, screening of human tumors for PCDGF expression was carried out and identified 
human breast cancer cells as requiring PCDGF for growth and where a correlation between autocrine 
PCDGF production and tumorigenicity could be demonstrated. 
Because of the importance of PCDGF as a tumorigenic factor and since PCDGF was expressed in human 
breast cancer, the IDEA grant proposed to investigate the biological importance of PCDGF in the growth 
of breast cancer cells. 

RESULTS OBTAINED DURING THE GRANT PERIOD 

A) Original Specific aims: 
1- Comparison of PCDGF expression in normal human mammary epithelial cells and in ER+ and ER" 

breast carcinoma cells. 
2- Biological activity of PCDGF in mammary epithelial cells and in mammary carcinoma cells 
3- Effect of inhibition of PCDGF expression (antisense approach) and action (neutralizing antibody or 

competitive inhibitor approaches) on the growth of malignant breast carcinoma in vitro and in vivo. 

Within the funding period of the grant application all specific aims proposed were fulfilled and even 
additional results that had not been initially proposed but that were a logical development of the 
experiments proposed were obtained as summarized below. 



B) Accomplishments based on the Specific aims. 
1) Overexpression of PCDGF in human breast cancer 
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Fig. 1: PCDGF mRNA and protein expression in the human 
non-tumorigenic MCF-10A and in human breast carcinoma 
cells MCF7 (ER+) and MDA-MB-468 (ER). PCDGF mRNA 
expression was analyzed by Northern blot analysis (bottom panel). 
Equal loading of RNA was determined by ethidium bromide 
staining of samples. Culture medium was examined for the 
presence of secreted PCDGF protein by immunoprecipitation and 
western blot analysis (WB, top panel). Samples for WB were 
normalized to the same cell number. 

Screening of human tumors revealed that PCDGF was expressed and secreted by human breast cancer 
cells. Moreover, determination of the proliferative response of several cell lines to PCDGF indicated that 
the mouse mammary epithelial cells C57 MG were growth stimulated by PCDGF in a dose-dependent 
fashion with a maximal stimulation at 150 ng/ml (2 nM). These two observations prompted us to 
investigate in detail the expression of PCDGF in several human breast cancer cells. PC-cell derived 
growth factor mRNA and protein expression were first examined in the immortalized non-tumorigenic 
MCF-10A cells, in the tumorigenic estrogen receptor positive (ER+) MCF-7 cells and estrogen receptor 
negative (ER") MDA-MB-468 cells (fig 1). Northern blot and Western blot analysis showed that PCDGF 
mRNA and protein expression were very low in the MCF-10A cells and dramatically increased in the ER+ 

MCF-7 cells and the ER" MDA-MB-468 cells. PCDGF expression was also found in T47D another other 
ER+ cell line. A high level of expression was also found in other ER" cell lines such as MDA-MB-453 and 
MDA-MB-231. 
These results suggest that a high level of PCDGF was found in cells having the highest degree of 
malignancy. 

The results presented above raised two questions: 1) whether PCDGF expression in the ER+ cells is under 
estradiol control; 2) whether PCDGF stimulates the growth of breast cancer cells in an autocrine fashion. 
To answer these questions, several experiments were carried out as described below. 

2) PCDGF expression is regulated by estradiol in ER+ breast cancer cells (Lu and Serrero, 
1999a,). 
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Figure 2: Effect ofE2 on PCDGF expression in the ER+ MCF-7 Cells. 
Left panel: Time course of the effect of E2 (10'9 M) on PCDGF mRNA expression in MCF-7 cells. Right panel: 
Dose response effect ofE2 on PCDGF mRNA expression. 



These experiments and other relevant data on E2 effect on PCDGF expression in ER+ cells are described 
in Lu and Serrero (1999a), provided in the Appendix. 
Using two different human breast carcinoma ER+ cell lines (T47D and MCF-7), it was shown that 17-ß 
estradiol (E2) stimulated PCDGF mRNA and protein expression in a time and dose-dependent fashion 
(Lu and Serrero, 1999, provided in the Appendix). Maximal stimulation was observed after a 10-hour 
exposure with 10"9 M E2. Progesterone had no effect. E2 stimulatory effect of PCDGF expression was 
blocked by the anti-estrogen tamoxifen and also by actinomycin D suggesting a transcriptional control of 
PCDGF expression by estrogen. In the estrogen receptor negative (ER") MDA-MB-468 cells, PCDGF 
expression was constitutively high (Lu and Serrero, 1999a). 

3) PCDGF mediates estrogen-dependent growth of human breast cancer cells.. 
Since E2 stimulated PCDGF expression in ER+ cells as well as the proliferation of breast cancer cells, we 
investigated whether PCDGF could replace E2 to stimulate the proliferation of cells maintained in 
estrogen-depleted medium. As shown in figure 3, PCDGF stimulated the proliferation of MCF-7 cells 
maintained in the absence of E2 in a dose-dependent fashion. The maximal stimulation observed with 
PCDGF (100 ng/ml and above) was similar to that obtained with the optimal concentration of E2 (10"9M). 
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Fig. 3: Effect of human PCDGF on the growth ofMCF- 
7 cells cultivated in the absence ofE2. 
MCF-7 cells were cultivated in estradiol-depleted a-MEM 
medium as described in Lu and Serrero (1999b). 
Proliferation was determined by 3H-thymidine uptake in 
DNA after 24 hours exposure to PCDGF or E2 and 
expressed in CPM/well. PCDGF stimulated the 
proliferation ofMCF- 7 cells in a dose dependent fashion 
similarly to E2 (10~9M). Values are expressed as means ± 
SD. 
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Based on these data, it was then hypothesized that PCDGF produced by the breast cancer cells acted as an 
autocrine growth factor and mediated, at least partially, the stimulatory effect of estradiol. 

In order to explore this possibility, we first demonstrated that the growth of MCF-7 cells, cultivated in the 
presence of E2, when endogenous PCDGF expression is high, was specifically inhibited in a dose 
dependent fashion by treating the cells with neutralizing anti-human PCDGF polyclonal antibody. Similar 
doses of non-immune IgG had no effect (fig. 4). 
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Fig. 4: Effect of anti-PCDGF neutralizing antibody on 
MCF-7 cell growth. 
MCF-7 cells were cultivated in the presence E2 (10~9M) 
alone or in the presence of increasing concentrations of 
affinity purified anti-PCDGF IgG. After 24 hrs, 3H- 
thymidine was added to the medium to measure DNA 
synthesis. As a control, non-immune IgG added at similar 
doses did not affect the growth stimulation ofE2. 
Values are expressed as means ±SD. 

Con     E2      50      100     200     300     400 

Ab concentrations 
Anti-PCDGF neutralizing antibody did not inhibit the proliferative effect of unrelated growth factors, 
such as IGF-II (data not shown), indicating the specificity of the effect of anti-PCDGF antibody. 



4) Constitutive overexpression of PCDGF in MCF-7 cells renders the cells independent from 
estrogen requirement and leads to tamoxifen resistance 

Experiments were then carried out to investigate whether the autocrine production of PCDGF stimulated 
breast cancer cell growth by mediating some of E2 stimulatory effect. For this purpose, we have isolated 
MCF-7 cells overexpressing PCDGF in a constitutive fashion by transfecting the cells with PCDGF 
cDNA ligated into the pcDNA3 expression vector (Lu and Serrero, manuscript in preparation) to 
determine if these overexpressing cells could by-pass the requirement of E2 to proliferate. 
Several clones overexpressing PCDGF were selected and analyzed by measuring PCDGF mRNA 
expression by Northern blot analysis and PCDGF protein by Western blot analysis of cell lysates and 
conditioned medium. Empty vector transfected cells were selected as controls. All selected clones (10 
total) showed the same properties. The data obtained with one representative clone are shown in Fig. 5. 
MCF-7 cells overexpressing PCDGF (04) could proliferate in the absence of E2 in contrast to 
untransfected or vector control MCF-7 cells that proliferated only when E2 was added to the medium. 

Growth curves Fig 5: Overexpression of PCDGF in MCF-7 
cells stimulates their proliferation in the absence 
ofE2. 
MCF-7 cells overexpressing PCDGF by stable 
transfection of PCDGF cDNA were isolated (04). 
Growth curves indicate that 04 cells can 
proliferate in the absence ofE2 whereas empty 
vector control MCF- 7 (CON1) and wild type 
MCF-7 cells only adequately proliferated when 
E2 was present in the culture medium. Values are 
expressed as means ±SD. 

Days 

These data indicate that the PCDGF-overexpressing cells had acquired a growth advantage over the vector 
control MCF-7 cells since 04 cells were able to proliferate even in the presence of estradiol. 
Measurement of E2 receptor expression in 04 showed no change in expression when compared to control 
MCF-7 cells. Based on these results, we then investigated the ability of the anti-estrogen tamoxifen to 
inhibit the growth of control MCF-7 cells and PCDGF- overexpressing 04 cells. 
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Fig.6: Comparison of MCF-7 and 04 cells response to 
Tamoxifen. 
MCF-7 and 04 cells were plated in 24-well plates at Iff 
cell / well in 5 % FBS-DME-F12 medium.. 2 days later, 
the medium was replaced with PFMEM medium followed 
by serum-free a-MEM medium after 24h. Cells from 
triplicate wells received 10'9 M E2 alone (E) or in the 
presence of Tamoxifen: Tl: 0.1 juM, T2: 0.5 juM, T3: 1 
juM. 24h later, 3H-thymidine was added. After a 5h 
labeling, cells were lysed and radioactivity counted. In 
MCF-7 group, T+P: PCDGF 200 ng/ml and Tamox 1 
juM. Values were calculated as means + SD and then 
expressed as % of controls corresponding to cells not 
treated with tamoxifen. 
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In summary, PCDGF is an autocrine growth factor that mediates the growth promoting effect of E2 on 
breast cancer cells. The PCDGF-overexpressing cells proliferated in the absence of E2 and acquired a 
growth advantage when compared to control cells. They also displayed resistance to tamoxifen since they 
were not growth inhibited by tamoxifen doses shown to completely inhibit the growth of control cells (Lu 
and Serrero, submitted to publication). Addition of 200 ng/ml PCDGF to MCF-7 cells treated with 1 uM 
tamoxifen could partially overcome the inhibition caused by of tamoxifen. 

These results suggest that PCDGF overexpression in breast cancer cells contributes 1) to the transition 
from estrogen-dependent state to independent state observed in human breast cancer cells and 2) to the 
acquisition of tamoxifen resistance by PCDGF overexpressing cells. 

5) PCDGF activates MAP kinase activity in MCF-7 cells 
Studies of PCDGF receptor signaling in MCF-7 cells indicate that PCDGF stimulated the proliferation of 
breast cancer cells by activating MAP kinase pathway. This was shown by the fact that PCDGF 
stimulatory effect on MCF-7 cell proliferation was inhibited by treatment of the cells with the MAP 
kinase inhibitor PD 98059 in a dose dependent fashion. The P-I-3-kinase inhibitor LY294002 had 
moderate effect (fig 7A). 
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Fig. 7 A: PCDGF effect on DNA synthesis in MCF-7 
cells is inhibited by MAP kinase inhibitor PD98059. 
MCF-7 cells were cultivated as in fig.6. For treatment 
with inhibitors, cells were preincubated with LY 294002 
or PD098059 for 10 min and 60 min respectively. Cells 
were then treated for 24 hrs with vehicle only (Con) or 
with 100 ng /ml PCDGF alone (P) or in the presence of 
either LY294002 10 /JM (LylO) or 30 pM (Ly30) or with 
PD098059 10 juM (PD10) or 30 /.iM (PD30). 24h later, 
H-thymidine was added. After a 5h labeling, cells were 

lysed and radioactivity counted by liquid scintillation 
counter. Results are expressed as mean ±SD of triplicate 
experiments. 

Con 200      Ly10+P   Ly30+P   PD10+P PD30+P 

We also showed by using in vitro MAP kinase assay that PCDGF stimulated MAP kinase activity in a 
dose-dependent fashion in MCF-7 cells(fig. 7B). This effect was blocked by PD98059. In 04 cells, basal 
MAP kinase activity was elevated due to the fact that PCDGF is constitutively produced in these cells. 

Fig 7B: PCDGF stimulates MAP kinase activity in MCF- 
12      3        4      5 7 cells: 

~~        ~~~~    " ~~ MCF-7 cells were cultured in 10 cm dishes in the same 
culture conditions as described in fig 7A. For the assay, the 
cells were treated for 10 min in the conditions described 
below. Cells were washed twice with ice-cold PBS and 
lysed on ice for 30 min in lysis buffer in the presence of 
protease inhibitors followed by centrifugation at 
12,000 gfor 15 min at 4 V. Immunoprecipitation of MAP 
Kinase was performed by incubating equal amount of 

supernatant (lmg) with 4 /ug of Erk2 polyclonal antibody for 2h at 4 °Cfollowed by addition of 30 fi of protein A 
Sepharose beads. After lh, beads were washed and the kinase assay was carried out at 30C for 20 min in the 
presence of 200 jug/ml myelin basic protein (MBP) and 10 pCi of'/>ATP]. The samples were analyzed by SDS- 
PAGE on a 15% polyacrylamide gel followed by autoradiography. Intensity of phosphorylated MBP bands was 
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quantified by densitometric scanning of the X-ray film. Intensity of the Erkl and Erk2 signals in the samples, 
determined by western blot analysis with Erk2 antibody that recognizes both Erkl and Erk 2, was used as internal 
controls to normalize MAP Kinase signals. Sample loading sequence: 1, 04 cells; 2-5: MCF-7 cells: 2: untreated 
control; 3, treated with PCDGF at 50 ng / ml; 4, PCDGF at 200 ng / ml; 5, PCDGF 200 ng / ml and 30 juM 
PD098059. 

Experiments are currently underway in our laboratory to examine in detail the signaling pathway 
downstream of MAP kinase activated by PCDGF in MCF-7 cells particularly in comparison with the 
pathways stimulated by estradiol. 

6) Inhibition of PCDGF expression in MDA-MB-468 cells inhibits tumor formation. 
Since we have shown that PCDGF was overexpressed in malignant breast carcinoma cells such as the ER" 
MDA-MB-468 cells, in vivo animal studies were carried out to investigate whether the autocrine 
production of PCDGF was required for tumor formation. For this purpose, we developed stable cell liens 
were PCDGF expression had been inhibited by transfection of antisense PCDGF cDNA. Empty vector 
(pcDNA3) transfected MDA-MB-468 cells were used as controls. Several clones were isolated and 
growth properties of antisense and control cells were examined. Results obtained with one representative 
antisense clone AS3 are reported here. These experiments were repeated at least 3 times with AS3 and 
with 2 other antisense clones. 

Comparison of the growth properties of vector control and antisense PCDGF transfected MDA-MB-468 
cells (AS-3 in fig 8 and table 1) showed that inhibition of PCDGF expression lead to inhibition of cell 
proliferation in vitro (fig. 8) and tumor growth in vivo, measured by injecting 2 x 105 cells into female 
nude mice (table 1). 

Fig. 8: Growth properties of control empty vector 
transfected MDA-MB-468 cells and antisense PCDGF 
cDNA transfected MDA-MB-468 cells. 
Cells were cultivated in triplicate in DME/F12 medium 
supplemented with 10% FBS and counted every day. 
Antisense transfected cells show a dramatic inhibition of 
proliferation.   This  inhibition  was  reversed by adding 
exogenous human recombinant PCDGF (data not shown). 
Data are expressed as means ±SD. 
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Table 1: Tumorigenicity of MDA-468 and antisense PCDGF transfected cells 

Cells injected Mice with tumors Weight of tumors (g) 
MDA-MB-468 7/7 0.5 ±0.15 

AS-3 2/7 0.05 ±0.02 
Legend of table 1: 6 weeks-old female nude mice were injected subcutaneously with 2 x 70J MDA-MB-468 cells 
(empty vector transfected control cells) (n=7) or 2 x 10* AS-3 cells corresponding to MDA-MB-468 cells stably 
transfected with pcDNA3 expression vector containing PCDGF cDNA in the antisense orientation. Mice were 
monitored daily for appearance of tumor. At 45 days, mice bearing tumors were sacrificed were sacrificed and 
tumor weight determined. Values correspond to mean +SD. Data were analyzed by Student's t test and differences 
between control group and antisense group were considered highly significant (p<0.001). 

10 



The data of figure 8 and table 1 show that inhibition of PCDGF expression by antisense PCDGF cDNA 
transfection resulted in a 75 % inhibition of growth both in vitro and in vivo. 

These experiments demonstrate for the first time that PCDGF plays an essential role in breast cancer 
cells tumorigenesis and that inhibition of PCDGF expression led to inhibition of tumor growth. 

7) PCDGF is overexpressed in epithelial cells of human ductal carcinoma * 
Based on the above in vitro and in vivo studies, we have begun investigating the expression of PCDGF in 
paraffin-embedded human breast cancer biopsies by immunocytochemistry using an affinity purified anti- 
human PCDGF antibody. These studies are being performed in collaboration with Dr. Olga Ioffe, Breast 
Cancer Pathologist at the University of Maryland Cancer Center. The biopsies examined had been 
classified by cytochemistry, and by examining prognostic markers, such as mitotic index, S phase 
fractions, and the expression of ER (estrogen receptors) and PR (progesterone receptors). 
Preliminary results from the examination of 12 individual biopsies corresponding to ductal and lobular 
carcinoma indicate a very high PCDGF expression in the epithelial cells in ER7PR" ductal carcinoma 
grade 3 whereas in normal tissue or benign lobular carcinoma the epithelial cells were negative. 
Experiments are currently underway in these studies with human breast cancer biopsies to determine 
whether the changes (temporal and localization) of PCDGF expression in epithelial cells correspond to 
acquisition of tamoxifen resistance in the patients. 
Our results indicate that PCDGF expression in ductal carcinoma correlates with ER7PR" status of the 
tumors. This suggests that PCDGF overexpression correlates with poor prognosis in these tumors, thereby 
confirming the importance of PCDGF expression in malignant breast cancer. These data also indicates 
that PCDGF is a novel biological marker of breast cancer cells. 

* Note: These studies were not proposed in the original application and as a result the human subjects 
category was not checked at the time. However, these studies became a logical extension of our progress. 
Prior to initiating these experiments, they were submitted to the University of Maryland 1RB and were 
given an exempt status. 

C) Future development based on the results presented above. 
Since PCDGF is a novel growth factor, studies were therefore undertaken on the PCDGF receptor. 
Characterization of PCDGF receptors (Xia and Serrero, 1998). 
We have concentrated our efforts on producing biologically active mouse and human recombinant 
PCDGF. Since PCDGF is a large glycoprotein, this was achieved either by expressing PCDGF in insect 
cells (Xia and Serrero, 1998) or in mammalian CHO cells (human PCDGF) (You and Serrero, manuscript 
in preparation). Binding of I25I-labeled PCDGF to a variety of cells was examined using either iodinated 
PCDGF (fig. 9) Cell lines first investigated included the teratoma 1246, PC cells and mink lung epithelial 
CCL-64 cells (fig. 9; Xia and Serrero, 1998). Cross-linking of l25I-PCDGF to cell surface receptors in all 
these cell lines indicated the presence of a single 190 kDa cross-linked band corresponding to a 100-105 
kDa receptor with 88 kDa recombinant PCDGF. The cross-linked ligand-receptor complex had the same 
mobility with or without treatment with reducing agent suggesting that PCDGF receptor is a monomeric 
receptor (Xia and Serrero, 1998). Same results were obtained with MCF-7 cells. 

11 



KEY RESEARCH ACCOMPLISHMENTS 

1- Demonstrated that PCDGF was expressed in human breast cancer cells 
2- Demonstrated that in estrogen-receptor positive cells, PCDGF expression was stimulated in a dose- 

dependent fashion by estradiol and inhibited by anti-estrogen tamoxifen whereas in estrogen receptor 
negative cells, PCDGF expression was constitutively overexpressed. 

3- Demonstrated that inhibition of PCDGF expression in estrogen receptor negative MDA-MB-468 cells 
by antisense PCDGF cDNA transfection led to inhibition of tumorigenicity. 

4- Initiated characterization of PCDGF receptor by binding, Scatchard analysis and affinity cross- 
linking. 

5- Initiated studies of PCDGF expression in human breast cancer biopsies 

REPORTABLE OUTCOMES 

A- Publications, Presentations 
• 4 articles published 
• 1 manuscript submitted 
• 2 manuscripts in preparation 
• 3 meeting abstracts for poster presentation at national meetings 
• Invited presentation at the 2000 World Congress of tissue culture in a session devoted to growth 

factors and Cancer. San Diego June 2000. Abstract to be submitted January 31 2000. 

B- Degrees obtained that are supported by this award 

One graduate student Runqing Lu received his Ph.D. on work supported by this award. Defended 
September 1999. 

C- Funding applied for based on work supported by this award: 

Submitted an IDEA grant, NIH ROl, NIH R23 and Susan G. Komen Breast Cancer Foundation grant 
applications 

CONCLUSIONS 
• Significance 

The data presented above provide compelling evidence that the novel growth factor called PC-Cell 
Derived Growth Factor (PCDGF) plays a crucial role in the tumorigenesis of human breast cancer. They 
also provide evidence that overexpression of PCDGF is associated with transition from estrogen 
dependence to estrogen independence and therefore is crucial for the progression of breast cancer to a 
refractory state. Examination of human breast cancer biopsies has shown that PCDGF expression in the 
epithelial compartment of breast lesions is associated with poor prognosis. These results indicate that 
PCDGF can be considered as a major biological target for the long-term development of approaches to 
inhibit breast tumor growth. 

• Future Perspectives 
Based on the results obtained during the funding of this grant application, several important questions are 
being raised: Several projects are being planned. 
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1) One is to characterize the receptor for PCDGF. We have developed a purification procedure for the 
human PCDGF receptor. This project was proposed as an IDEA grant application submitted in 1999. 

2) To determine the mechanism underlying overexpression of PCGDF in mammary epithelial cells 
leading to the development of malignant phenotype in breast cancer cells. 

Our long-term goals are to develop therapy and diagnosis screening of breast cancer cells based on 
inhibiting PCDGF expression and action. 
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ABSTRACT The PC cell line is a highly tumorigenic, 
insulin-independent, teratoma-derived cell line isolated from 
the nontumorigenic, insulin-dependent 1246 cell line. Studies 
of the PC cell growth properties have led to the purification 
of an 88-kDa secreted glycoprotein called PC cell-derived 
growth factor (PCDGF). which has been shown to stimulate 
the growth of PC cells as well as 3T3 fibroblasts. Sequencing 
of PCDGF cDNA demonstrated its identity to the precursor of 
a family of 6-kDa double-cysteine-rich polypeptides called 
epithelins or granulins i epithelin granulin precursor). Since 
PCDGF was isolated from highly tumorigenic cells, its level of 
expression was examined in PC cells as well as in nontumori- 
genic and moderately tumorigenic cells from which PC cells 
»ere derived. Northern blot and Western blot analyses indi- 
cate that the levels of PCDGF mRNA and protein were very low 
in the nontumorigenic cells and increased in tumorigenic cell 
lines in a positive correlation with their tumorigenic proper- 
ties. Experiments were performed to determine whether the 
autocrine production of PCDGF was involved in the tumori- 
genicity of PC cells. For this purpose, we examined the in vivo 
growth properties in syngeneic C3H mice of PC cells where 
PCDGF expression had been inhibited by transfection of 
antisense PCDGF cDNA. The results show that inhibition of 
PCDGF expression resulted in a dramatic inhibition of tu- 
morigenicity of the transfected cells when compared with 
empty-vector control cells. These data demonstrate the im- 
portance in tumor formation of overexpression of the novel 
growth factor PCDGF. 

The C3H mouse teratoma-derived cell line 1246 is an adipo- 
genic cell line requiring insulin to proliferate and differentiate 
in defined medium (1. 2). Insulin-independent variant cell lines 
were isolated from 1246 cells maintained in insulin-free me- 
dium. One cell line called 1246-3A was analyzed in detail and 
shown to have lost the ability to differentiate and to have 
become moderately tumorigenic ■■••hen 10" cells were injected 
into syngeneic host C3H mice 5 . It was shown that the 
124o-3A cells synthesized and secreted several factors that 
affected their proliferation and dirrerentiation and the factors 
were biochemically characterize.; and identified (4-6). To 
establish a cell culture model oi increased tumorigenicity. an 
in viiro-m vivo shuttle technique i ~ was applied to isolate from 
the 1246-3A cells a highly tumorigenic cell line called PC (5). 
These highly tumorigenic PC ceils ii\'i rise to tumors when 10J 

cells were injected s.c. into syngeneic C3H mice (5). These 
three cell lines ranging from differentiating and nontumori- 
genic cells to differentiation-deficient, highly tumorigenic cells 
represented a unique model system to analyze the cellular and 
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biochemical changes associated with the acquisition of tumor- 
igenic properties. Comparative studies of the growth proper- 
ties of the cell lines indicated that PC cells had lost the ability 
to respond to the growth factors required by 1246 and 1246-3A 
cells and instead became dependent on their own conditioned 
medium for proliferation (8). The factor responsible for this 
growth stimulation. PC cell-derived growth factor (PCDGF), 
was purified to homogeneity and sequenced (9). PCDGF was 
an 88-kDa glycoprotein consisting of a 68-kDa core polypep- 
tide and a 20-kDa carbohydrate moiety (8). shown by amino 
acid and cDNA sequencing to be identical to the epithelin/ 
granulin precursor (9. 10). Epithelin and granulins are 6-kDa 
double-cysteine-rich polypeptides originally purified from rat 
kidney (11) and from human granulocyte extracts (12). Al- 
though no function was attributed to granulins during their 
purification and characterization, epithelins were shown to be 
dual growth effectors for epithelial cells (10. 11). Cloning and 
sequencing of epithelin and granulin cDN'As showed that the 
6-kDa polypeptides were encoded by a common precursor 
cDNA (9. 10). This epithelin/granulin precursor corresponded 
to a 63-kDa polypeptide contained ".5 repeats of the 6-kDa 
epithelin or granulin polypeptides and several putative glyco- 
sylation sites (9. 10). As PC was a highly tumorigenic cell line 
that synthesized and secreted PCDGF. it was important to 
investigate the possible role of PCDGF on the growth of the 
teratoma cells. For this purpose, two experimental approaches 
were  taken. One was to determine whether PCDGF was 
expressed preferentially in the highly tumorigenic cells. This 
was done by comparing the levels of expression of PCDGF 
mRNA and protein in the tumorigenic PC cell derivatives with 
the ones found in the nontumorigenic 1246 and moderately 
tumorigenic 1246-3A parent cells. The second approach was to 
examine the role of PCDGF expression on the tumorigenic 
properties of the PC cells by preventing the factor from being 
synthesized and examining the resulting changes in the growth 
properties of the cells. This was achieved by transfecting PC 
cells with an antisense PCDGF cDNA construct that blocked 
the growth factor expression. This approach has been used 
widely to examine the effect of inhibiting the expression of 
growth factors or their receptors on the growth properties of 
producer cells (13-19). Experiments presented here examined 
the in vitro and in vivo growth properties of PC cells in which 
PCDGF expression had been inhibited bv transfection with 
antisense PCDGF cDNA. 

MATERIALS AND METHODS 

Cell Culture. Stock cultures of PC and 1246-3A cells were 
maintained in defined media as described previously (6). 1246 

Abbreviations: FBS. fetal bovine serum: PCDGF. PC cell-derived 
growth factor: CMV. cytomegalovirus. 
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stock cells were cultivated in DME/F12 nutrient medium (1:1 
mixture) (GIBCO BRL) supplemented with 10'7 fetal bovine 
serum (FBS) (Gibco). For comparative studies, the three cell 
lines were cultivated in DME/F12 medium supplemented with 
:<~c FBS. 

Northern Blot Analysis of PCDGF mRN'A Expression. Total 
cellular RNA was isolated by RNAzol method (Cinna/Biotecx 
Laboratories. Friendswood. TX). Fifteen mierograms of total 
RNA was separated by electrophoresis on a denaturing 1.2^ 
agarose gel containing 0.22 M formaldehyde in IX MOPS 
(20). RNA samples were blotted onto nitrocellulose mem- 
brane (MSSI. Westboro. MA) by overnight capillary transfer 
in lOx SSC. and then hybridized at 42°C overnight in hybrid- 
ization solution [SQ^c formamide 5x SSPE I<~c SDS/5X 
Denhardt's solution/1 ixgml poly(A» 100 jig ml denatured 
salmon sperm DNA] with approximately 10° cpm ml of ran- 
domlv primed -;P-labeled mouse PCDGF cDNA probe to 
measure PCDGF mRNA expression. Filters were washed and 
exposed to x-ray film (Kodak X-Omat AR) for autoradiogra- 
phy. Ribosomal protein L32 mRNA (RPL32) was detected as 
an internal standard for normalizing RNA loading (21). 

Immunoprecipitation and Western Blot Analysis of PCDGF 
Protein. Since PCDGF is a secreted protein, its expression was 
measured in cell lysates and conditioned media collected in the 
presence of a protease inhibitor mixture of 200 piM phenyl- 
methylsulfonyl fluoride (PMSF), 1 u.M leupeptin/0.5 piM 
aprotinin, 1 mM EDTA (all obtained from Sigma i. Cells were 
lysed in PBS containing 1^> Triton X-100 followed by sonica- 
tion and centrifugation. For comparative studies of PCDGF 
expression, the samples used for immunoprecipitation and 
Western blot analysis were normalized to equivalent cell 
number (see figure legends), determined by counting cells 
from duplicate sets of dishes. Immunoprecipitation of PCDGF 
was carried out by incubating samples for 4 hr with 5 p.g of 
affinity-purified anti-PCDGF IgG conjugated to agarose 
beads followed by centrifugation at 10.000 '«■ e for 10 min. 
Immune complexes were resuspended in Laemmli sample 
buffer (22). boiled for 5 min. and separated by electrophoresis 
on a lO^c polyacrylamide gel in the presence of SDS. Proteins 
were electrophoretically transferred :o nitrocellulose mem- 
brane (Schleicher & Sehueih. The membranes were blocked 
with 5^c nonfat milk overnight at 4:C and the- incubated for 

1 hr at room temperature with 10 ng ml of anti-PCDGF IgG 
conjugated to horseradish peroxidase. in the presence of 1^ 
BSA.Immunoreactivity was visualized by the enhanced chemi- 
luminescence detection system (Amersham). 

Construction and Transfection of Antisense PCDGF cDNA 
Expression Vector in PC Cells. PC cells were transfected with 
a PCDGF antisense cDNA fragment cloned into the expres- 
sion vector pCMV4 (23) as described below. A22S-bp PCDGF 
cDNA fragment that included the start coder, region was 
obtained by digesting full-length PCDGF cDNA with Smal 
and Xbi.il enzymes. This fragment was cloned .- :he antisense 
orientation into Xbal and S/nal site or pCMV. and is referred 
to hereafter as p.AS-PCDGF. Transfection of PC cells with 
pAS-PCDGF by :he cakium phospr.ate met.-od (20) was 
performed when the cells reached >0'~ confluence in DME 
medium supplemented with \0'~c FBS. A calcium phosphate 
precipitate added to the cells contained 20 ug of pAS-PCDGF 
plasmid. 2 ju,g of pRSV'neo plasmid carrying the neomycin- 
resistant eene as a selectable marker, and 20 ug :: pSK plasmid 
as carrier. After " hr. the ceils were shocked w;t.i 10^ DMSO 
for 2-3 min. washed twice, and fed with DME F12 medium 
supplemented with 10(> FBS. One day after transfection. cells 
were subcultured at a 1:3 ratio and cultivated in serum- 
supplemented medium in the presence of -00 jxg/ml of 
Geneticin (G-413 Sulfate. GIBCO BRL). This medium first 
was changed 2 days later and then every 3-4 days thereafter. 
After 10-14 days, colonies oi G418-resistant cells were picked 
with cloning rinss and cultivated in DME/F12 medium sup- 

plemented with 10^c FBS and 400 ixg/ml G418. Control PC 
cells were transfected with pCMV4 and pRSV'neo plasmid 
DNAs and isolated as described above. The presence of the 
transfected DNA (pAS-PCDGF or pCMV4) was determined 
by PCR analysis of genomic DNA isolated from G418-selected 
transfectants. For empty-vector control cells. PCR analysis was 
performed by using the primer pair of SP647. 5'-CCTACTT- 
GGCAGTACATCTACGTA-3'. and AP912. 5-CTGACG- 
GTTCACTAAACGAGCTC-3'. corresponding to the cyto- 
megalovirus (CMV) promoter region. The sense primer SP647 
(described above) and antisense primer SP7 5'-CGAGAAT- 
TCAGGCAGACCATGTGGGTC-3' located in the start 
codon region of PCDGF cDNA were used to test for the 
presence of antisense PCDGF cDNA in the genomic DNA of 
antisense transfectants. The transfectants were Ivsed in buffer 
A (100 mM KC1/10 mM Tris-HCl. pH S.3 0.45^ Tween 
20 0.45^ Nonidet P-40) and 120 ^g/ml proteinase K (Boehr- 
inger Mannheim). Then, they were incubated at 60°C for I hr. 
followed by boiling for 15 min. DNA of each clone (50-100 ng) 
was used as template for PCRs. DNA from nontransfected 
cells was used as negative control. Plasmid DNA was used as 
a positive control. PCR was performed in a 20-/il reaction 
mixture containing 10 mM Tris-HCl. pH 9.0/50 mM KG, 1.5 
m.M MgCh/O.l^ Triton X-100 0.2 mM dNTP. 0.5 units Taq 
DNA polymerase (Promegal/20 ng of each primer/50 ng 
genomic DNA template. The reaction tubes were heated to 
95:C for 3 min and then subjected to 40 cycles of 95'C for 1 
min. 55'C for 2 min. and ^2°C for 3 min with a 10-min ~2°C 
extension in a thermocycler (MJ Research. Cambridge. MA). 
Ten microliters of PCR product was analyzed on a l°c agarose 
gei and stained with ethidium bromide. 

Measurement of Cell Proliferation. Proliferation of p.AS- 
PCDGF and control transfected PC cells was examined. Cells 
were plated in 12-well plates (Corning) at a density of 3 x 104 

cells per well in 2 ml of either 2F defined medium consisting 
of DME/F-12 medium supplemented with 2 /ag/ml human 
fibronectin (Upstate Biotechnology. Lake Placid. NY) and 10 
pig, ml human transferrin (Sigma) or DME-F12 medium sup- 
plemented with l^c FBS. On day 5. cells were washed with PBS 
and enumerated with a Coulter counter after trypsinization of 
cells from duplicate wells. 

Tumorigenicity Study. SLx-week-old female C3H mice from 
Taconic Farms (Germantown. NY) were injected s.c. with 10" 
pAS-PCDGF or control transfected PC cells. The appearance 
and size of tumors were examined daily. The mice were 
sacrificed 40 days after injection to measure tumor weight. 

All experiments described here were repeated at least twice. 

RESULTS 

Comparison of PCDGF mRNA Expression in 1246.1246-3A. 
and PC Cells. The cell lines 12-o > nontumorigenici. 1246-3A 
1 moderately tumorigenici. and PC (highly tumorigenio were 
cultivated in DME Fi2 medium supplemented with 2fc FBS. 
When the cells were SO^c confluent, total RNA was extracted 
and PCDGF mRNA expression was measured by Northern 
blot analysis using a radiolabeied PCDGF cDNA probe. 
RPL32 mRNA expression was measured as an internal control 
for equal RNA loading. As shown in Fig. 1. the level of 
expression of PCDGF was verv low in the nontumorigenic 
12-Ö cells and in the moderately tumorigenic 124o-3A cells. In 
contrast. PCDGF mRNA expression increased by at least 
20-fold in the highly tumorigenic PC cells. The size of the 
PCDGF mRNA transcript expressed by the cells was 2.2 kb. 

PCDGF Protein Expression in the Three Cell Lines. Next we 
examined the expression of PCDGF protein in the three cell 
lines. Since PCDGF is a secreted protein (8). we examined its 
level not only in cell lysates but also in the culture medium of 
the three cell lines by a combination of immunoprecipitation 
and Western blot analvsis bv usins an anti-PCDGF antibody. 
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FIG. 1. Comparison of PCDGF mRNA expression in 1246. 1246- 
3A. and PC cells. Cells were cultured in DME F12 medium supple- 
mented with 2^ FBS untii iO^c confluent. Medium was changed 24 
hr before RNA was collected. Fifteen micrograms of total RNA was 
analyzed by Northern blot with 3:P-labeled PCDGF cDNA probe to 
measure PCDGF mRNA expression. Riboscmal protein RPL32 
mRNA expression was used as internal standard for RNA loading. 

.As shown in Fig. 2. the level of expression of PCDGF in cell 
lysates and conditioned media of the highiy tumorigenic PC 
cells was much higher than in 1246 and 1246-3A cells, similar 
to the differences observed for PCDGF mRNA expression 
(Fig. 1). PCDGF protein expression was very low in the 
1246-3A cell lysate and culture medium and undetectable in 
1246 cells. The data presented in Figs. 1 and 2 suggest that the 
level of PCDGF expression in the three ceil lines correlated 
with the degree of tumorigenicity of the ceLis. Based on these 
results, it was hypothesized that PCDGF overexpression in PC 
cells was directly associated with their tumorigenic properties. 
To examine this hypothesis, experiments were carried out to 
isolate PC cells in which PCDGF expression had been inhib- 
ited by stable transfection with PCDGF antisense cDNA and 
to compare the tumorigenic properties of these antisense 
transfected cells with empty-vector transfected PC cells. 

Isolation of Antisense PCDGF Transfected PC Cells. PC 
cells were cotransfected with the pAS-PCDGF plasmid (Fig. 3) 
and with the pRSVneo plasmid as described under Material 
and Methods. Control PC cells were cotransfected with empty 
pCMV-t and pRSVneo plasmids. In both cases, transfected 
cells were selected for growth in medium containing G418. 
Colonies were assayed for the presence of the transfected 
plasmids by PCR analysis of genomic DNA ■. Fig. 4). Antisense 
pAS-PCDGF and empty-vector control transfected cells were 
tested further to determine the level of PCDGF protein 
expression by Western blot analysis (Fig. 5). All antisense 
clones tested exhibited a significantly reduced level of PCDGF 
expression both in cell iysates and in conditioned media when 

PC     3 A    1246   3T3    Cells 

Cell 
Lysate 

CM 

PCDGF 

FIG. 2. PCDGF protein expression in 1246. '. I-6-3A. and PC cells. 
Cells were cultivated as described in the legenc :f Fig. 1. Cell lysates 
and conditioned media were collected and normalized by cell number. 
Samples corresponding to iS '< 105 cells (cell lysates) and 3 x 105 cells 
(conditioned media) were used to measure PCDGF expression by 
immunoprecipitation and Western blot by using an anti-PCDGF 
antibodv as described under Materials and Methods. 

Xbal   Snal 

CHV     A hGH      SV40« 

Primers SP547 AP912    SP7 
Ftc. 3. Construction of antisense PCDGF cDNA. A 228-bp PC- 

DGF cDNA fragment (-45 to -r!83 bp) including the start codon 
region was ligated in the antisense orientation into the Xbal-Smal site 
of pCMV4 expression vector. Immediate early promoter region (CMV. 
stippled block), a DNA copy of a segment of the alfalfa mosaic virus 
4 RNA that contains a translational enhancer (A), transcription 
termination and polyadenylation signals from the human growth 
hormone gene (hGH. gray block), and the simian virus 40 (SV40) 
origin of DNA replication and early region enhancer sequences 
(SV40Ori, white block) are shown. Locations of primers used for PCR 
analysis of transfectams are indicated. 

compared with empty-vector controls (P6 and P14) and with 
wild-type PC cells. Three antisense clones (AS-II1. AS-II15. 
and AS-II18) and two empty-vector control clones (P6 and 
P14) were chosen and studied further. Inhibition of PCDGF 
protein expression was observed in the three antisense trans- 
fected clones to varying degrees (Fig. 5). The level of PCDGF 
protein secreted in the conditioned media of empty-vector 
control cells (P14 and P6) was similar to that secreted by 
untransfected PC cells. 

In Vitro Growth Properties of Antisense and Control Trans- 
fected Cells. The morphology of antisense and control trans- 
fected cells was examined. Phase-contrast micrographs indi- 
cated that the pAS-PCDGF transfected cells did not spread as 
well as the control cells and they maintained a rounded 
morpholoev when compared with control transfected PC cells 
(Fig. 6).   " 

Growth of both types of transfected cells was measured in 
serum-supplemented medium and in serum-free defined me- 
dium (Fig. "'). pAS-PCDGF transfected cells cultivated either 
in defined medium (Fig. 7 Lower. 2F medium) or in serum- 
containing medium (Fig. 7 Upper) had a reduced proliferative 
capacity when compared with control transfected cells and 
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FIG. 4. PCR analysis of antisense and control transfected clones. 
PCR analysis of DNA from the selected clones was performed with 
primer pairs as described in Materials and Methods. (A) SP647 (sense 
primer) and the AP912 iantisense primer), both located in the CMV 
promoter (Fig. 3). were used to amplify a 266-bp fragment from cells 
transfected with the CMV promoter expression vector (antisense and 
empty vector transfected cells), (ß) Sense primer SP647 (described 
above) and antisense primer SP7. located in the start codon region of 
PCDGF cDNA( Fig. 3). were used to amplify a 551-bp DNA fragment 
in the pAS-PCDGF transfectams only. No amplified band was ob- 
tained with DNA from control transfected cells. pAS-PCDGF plasmid 
DNA and genomic DNA from nontransfected PC cells were used as 
positive and negative control template for PCR. respectively. 
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*«Su and P6) developed tumors rapidly. Tumors 

ere visible as early as 15 days after injection   or both the 
jntrol transfectants and nontransfected PC cells. These re 

Antisense Transfected Cells 

F,r 6 Morphologv of antisense and control transfectants in 
monolayer cuhuTe Phlse-contrast micrographs of ant.sense and con- 
trol transfectant cells. (xlOO.) 

80, 

r 70. 
? 60- 
z, 50 ■ 
"J 40- 
■g 30. 
= 20- 
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0) 
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Cell lines 

Cell Growth in 2F 

40 -, 

o     30 

0) 

0) 
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Cell Lines 

FIG 7 In vitro erowth properties of antisense and control trans- 
fee" d don s. PC cells, antfsense cDNA transfected cells, and empty 
vector control transfected cells were plated either in DME/F 1. 
medium supplemented with 2 «/ ml human «£™ *^ ;™ 
human transfer™ (2F medium. Lower or with ^ FBS added 1 
after olatina (Coper). At dav 5. cells from duplicate wells were 
ÄnfflÄmed with a Coulter counter. Va<, expenrnent wa 
repeated twice. Each bar represents the mean number of cells (_bD) 
calculated from both experiments. 

suits indicated that the growth properties of the control cells 
Shad not been affected significantly by the transfecuon and 
selection processes. In contrast, all three clones that had been 

ansfected with pAS-PCDGF showed a marked «nh.b.t.on of 
tumor growth. For AS-I11 and AS-II1S. inhibition was com- 
p"«e because after i0 days, none of the mice injected with 
e her of these clones had tumors. For AS-Ul.. two ot the t.ve 
mice in ected developed tumors, but the inhibition of tumor 
orowth was still significant as AS-IIb tumors were D-10-c ot 
The weioht of the control transfected PC cell tumors. Even 60 
davs afcr Section in C3H mice. AS-II1 and AS-II1S did not 
form palpable tumors (data not shown). 

DISCUSSION 

PCDGF is a orowth factor belonging to a family of double- 
cvsteine-nch PoKpept,des that includes the 6-kDa^K.ne- 
rich polvpeptides epithelins and granulms (8-10). PCUOtis 
"ecre'ted asPan 88-kDa glycoprotein by the highly tumor*enc 
PC cell line PC cells are insulin-independent teratoma cells 
isolated for their high tumorigenic properties in syngeneic 
C3H mice (3). Histological analysis of the tumors generated by 

III 

i 
! 
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Antisense PCDGF Construct 

Empty VectorControl 

FIG. S. Comparison of mice injected with antisense and control 
transfected ceils. C3H female mice were photographed 40 days after 
s.c. injection of !0° cells t'rem antiser.se (Upper) or control PC 
transfectants iLcmen. 

s.c. injection of PC cells .n C3H mice indicate that PC cells 
form  malignant  fibrous  histiocytomas (unpublished data). 
Sequencing of full-length PCDGF cDNA isolated from PC cell 
cDNA library indicated that PCDGF was identical to mouse 
epithelin/granulin precursor (10-11) and that PCDGF ex- 
pressed by the highly tumorigenic cells did not contain any 
mutations (unpublished data). Time course studies of PCDGF 
synthesis and secretion in PC cells have shown that PCDGF is 
secreted as early as 2 hr after synthesis (data not shown). This 
observation and the fact that PC cells were growth-stimulated 
bv PCDGF (S) and presented PCDGF cell-surface binding 
sites (24) indicated that secreted PCDGF was an autocrine 
growth factor for the highly tumorigenic cells. Based on these 
results, it was hypothesized that PCDGF expression may be 
increased  in tumorigenic cells when compared with their 
normal counterparts. Increased expression of several growth 
factors in many different tumor cells, such as IGF-I in glio- 
blastoma (14) and transforming growth factor-o in human 
breast cancer cells (25). has been observed. The model system 
consisting of nontumorigenic 1246 cells (1) and moderately 
tumorigenic 1246-3A (2i and highly tumorigenic PC cells (5) 
provided an excerimenta. system to investigate directly the 
role of PCDGF iepithe::r.  granuiir. precursor) in tumorigenic 
cell lines derived from the same nontumorigenic and hormone- 
responsive parent cell line. The analysis of PCDGF mRN'A and 

Table 1.    In :v.o tumor.sje-.citv of PC -ells transfected with 
antisense PCDGF .'DNA r.: Mir. empty vector 

Cells Da«, of M ce with 

injected JPD earar.ee z SO amors Weight, g, =SD 

AS-II! — j 5 — 
AS-II IS — j > — 
AS-II15 :•() = ;- : 5 0.35 = 0.05 

P14 15 :    5 5 5 5.4  = :.o 

P6 ;5 =   o 5 5 3.6   = 1.9 

PC 15  =    4 5o 6.4   = 2.6 

C3H female mice were injected s.c. with 106 cells from PCDGF 
antisense cDNA transfectants (AS-1I1. AS-IIIS. and AS-II15). control 
transfectants (P14. P6). or nontransfected PC cells. Average day of 
tumor appearance, number of mice (of five) with tumors at 40 days, 
and tumor weight in g - SD are provided. 

protein levels in the three cell lines indicated that PCDGF 
expression was undetectable in the nontumorigenic 1246 cells 
and significantly increased in the highly tumorigenic cells in 
correlation with the degree of tumorigenicity of the teratoma 
cells. 

To determine whether increased PCDGF expression in PC 
cells contributed to their high tumorigenic properties, we used 
the antisense cDNA transfection approach to block PCDGF 
expression in PC cells and examine their growth characteris- 
tics. Antagonizing mRNA with the help of "hybridization 
competitor" in inhibiting protein synthesis was first introduced 
by Zamecnik et al. (26) and Plesner et at. (27). Recent years 
have seen considerable progress in studying the role of anti- 
sense RNA as an inhibitor of oncogenic protein production 
(13). The development of stable transfected clones with anti- 
sense cDNA is advantageous in that it allows a continuous 
supply of antisense RNA to disrupt protein synthesis and it is 
well suited for in vivo tumorigenic assays. Our results demon- 
strate that decreasing PCDGF protein synthesis and secretion 
by expression of antisense  PCDGF mRNA in the highly 
tumorigenic PC cells reduced their growth ability in vitro and 
inhibited their tumorigenicity in vivo. Phase-contrast micro- 
scopic analysis showed that the antisense transfected cells with 
inhibited PCDGF expression had a decreased ability to spread 
on the tissue culture substrate. Many cells were rounded and 
floated in the culture medium. In contrast, empty vector 
control transfectants expressing normal PCDGF levels were 
well spread  and grew as well as  untransfected  PC cells. 
Localization of PCDGF in PC cells by immunofluorescence 
with anti-PCDGF antibody revealed PCDGF staining at sites 
of cell-cell contact (unpublished data). This evidence suggests 
that PCDGF may affect cell growth by a complex mechanism 
including autocrine stimulation of PC cell growth and contri- 
bution in the  regulation of adhesion and communication 
between cells. 

In vivo studies indicated that inhibiting PCDGF expression 
in the teratoma cells resulted in an inhibition of tumor growth. 
Comparison of tumorigenicity (Table  I) and Western blot 
analysis show ing the level of residual PCDGF expression in the 
pAS-PCDGF transfected cells (Fig. 5") suggests that the degree 
of inhibition of tumorigenicity correlates with the degree of 
inhibition of PCDGF expression in the cells. The two cell lines 
(AS-II1 and AS-II 18) with the lowest level of PCDGF pro- 
duction and secretion were not tumorigenic since none of the 
injected mice developed tumors even after 60 days while 
tumors appeared in 15 days in mice injected with control cells. 
In contrast, AS-II 15 cells, in which inhibition of PCDGF 
expression by antisense PCDGF cDNA transfection was not as 
efficient, maintained some degree of tumorigenicity (although 
a reduced one) since two of five mice developed smaller 
tumors, which first appeared after 36 days. Teratocarcinoma 
stem cells are known to originate from a breakdown in the 
normal regulatory processes controlling proliferation and dif- 
ferentiation rather than from mutations in genes responsible 
for the normal control of ceil behavior (28). The abnormal 
behavior of such embryonic stem cells can be reversed if they 
are placed in a normal environment. Little is known about the 
molecular  mechanism of the  malignant transformation of 
teratoma. The fact that malignant teratoma arise from rela- 
tively undifferentiated cells implies the existence of a relation- 
ship between tumorigenesis and differentiation (29). The three 
cell lines. 1246. 1246-3A. and PC. with increasing tumorigenic 
properties were derived from a C3H mouse teratoma and 
provide a good model system to study the molecular mecha- 
nisms involved in the loss of differentiation properties and the 
acquisition of tumorigenic properties. The studies with this 
model system described here demonstrate that the epithelin/ 
granulin precursor also known as PCDGF is an essential 
autocrine modulator resulting in the autonomous growth of 
undifferentiated. highly tumorigenic PC cells in vitro and m 
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mo The data presented here also demonstrate that overex- 
pression of epithelin/granulin precursor. PCDGF. may phayan 
important function in teratocarcmogenesis and in tumongen- 

esis. 
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PC cell derived growth factor (PCDGF) is an 88-kDa 
glycoprotein purified from the culture medium of the 
highly tumorigenic mouse teratoma-derived cell line 
PC. PCDGF was shown to stimulate the proliferation 
of 3T3 fibroblasts and PC cells. Amino acid sequencing 
of PCDGF indicated its identity to the precursor for 
the 6-kDa polypeptides epithelins and granulins. In 
this paper, we investigated the binding of PCDGF to 
the mink lung epithelial cell line CCL64. Scatchard 
analysis indicates that 125I-PCDGF binding to CCL64 
cells is curvilinear, corresponding to the existence of 
two classes of binding sites: high affinity binding sites 
(560=170 sites/cell) with a K^ of 43=15 pM and low 
affinity binding sites (16,350=5900 sites/cell) with a Kd2 

of 3.9=1.9 nM. 125I-PCDGF was chemically crosslinked 
to cell surface receptors on CCL64 cells with disuccini- 
midyl suberate. A major crosslinked band of about 190 
kDa with radiolabeled PCDGF was detected after SDS- 
PAGE, suggesting the presence of PCDGF binding 
sites with molecular weight of about 120 kDa. 125I- 
PCDGF crosslinking studies indicate the presence of 
PCDGF binding sites with a molecular weight similar 
to those of binding sites on CCL64 cells on the surface 
of two other PCDGF-responsive cell lines, 3T3 fibro- 
blasts and PC cells. These data suggest that the recep- 
tors for PCDGF are widely distributed on cells of dis- 
tinct embryonic Origin. 1998 Academic Press 

This work was supported by Gran: R01CA 55439 from the Na- 
tional Institutes of Health and by Grant DAMD17-96-1-6072 from 
the U.S. Army. 

- To whom correspondence should be addressed. Fax: 1 410 
7060346. E-mail: gserrero@pharmacy.ab.umd.edu. 

Abbreviations used: BSA. bovine serum albumin: DME. Dulbecco's 
modified Eagle's medium: DSS. disuccimmidyl suberate; EGF. epi- 
dermal growth factor: FBS. fetal bovine serum: PAGE, polyacryl- 
amide gel electrophoresis: PBS. phosphate-buffered saline; PCDGF, 
PC cell-derived growth factor. 

The C3H mouse teratoma-derived cell line 1246 is 
an adipogenic cell line which requires insulin to prolif- 
erate and differentiate in defined medium (1, 2). Insu- 
lin-independent variant cell lines have been isolated 
from 1246 cells maintained in the absence of insulin. 
One of them called 1246-3A cell line was particularly 
studied (2). These cells are unable to differentiate and 
become tumorigenic when 106 cells are injected into 
syngeneic hosts C3H mice. By an in vitro-in vivo shut- 
tle technique, a highly tumorigenic cell line called PC 
was isolated. PC cells give rise to tumors even when 
104 cells are injected into C3H mice (3). Comparison of 
the growth properties of 1246, 1246-3A and PC cells 
indicated that PC cells had lost binding and response 
to several growth factors to which the 1246 and 1246- 
3A cells responded (3-5). In contrast, PC cells became 
dependent for their growth at low cell density on the 
presence of their own conditioned medium. A growth- 
promoting factor called PC-cell derived growth factor 
(PCDGF) present in the PC conditioned medium was 
purified to homogeneity as an 88-kDa glycoprotein (6). 
Deglycosylation of the protein indicated that PCDGF 
has a 68-kDa protein core and a 20-kDa carbohydrate 
moiety (6). N-terminal sequencing and partial sequenc- 
ing of internal peptide fragments demonstrated that 
PCDGF contained regions of sequence identity to that 
deduced from the granulin or epithelin precursor 
cDNAs (6-8). Definite identification of PCDGF to epi- 
thelin/granulin precursor was demonstrated upon clon- 
ing full length PCDGF cDNA from a PC cell cDNA 
library.3 Granulins and epithelins are 6-kDa cysteine- 
rich polypeptides originally purified from granulocytes 
(9) and kidney extracts (10). 5 granulins were purified 
with no known function (9). Epithelins 1 and 2, the two 
6-kDa polypeptides purified from rat kidney extracts, 
were shown to inhibit the growth of A431 cells and the 
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proliferation of the human breast carcinoma cell line 
MDA-MB-468 UO, 11). Only in mouse keratinocytes 
were epithelin 1 and 2 shown to have distinct biological 
activities since epithelin 1 stimulated the growth of 
keratinocytes whereas epithelin 2 inhibited the action 
of epithelin 1 UO). cDNAs encoding epithelins and gra- 
nules were independently isolated showing that the 
cDNAs encoding the 6-kDa granulins and epithelins 
were identical. (7, 8). In both cases, the cDNA encoded 
a 63.5 kDa protein containing a 17-am.ino acid signal 
peptide which is absent from the amino acid sequence 
of secreted PCDGF (6) and seven and a half predicted 
internal sequence repeats of about 50 arnino acids cor- 
responding to the epithelins/granulins sequences. Pres- 
ence of several glycosylation sites was also predicted 
from the deduced amino acid sequences (7. 8). It was 
proposed that epithelins and granulins were synthe- 
sized as an immature precursor that was processed into 
6-kDa biologically active polypeptides (8). A 68-kDa 
protein called acrogranin similar to the precursor of 
epithelins/granulins had been isolated from the acroso- 
mal compartment of the guinea pig (12 . The function of 
this polypeptide remains to be elucidated. In addition, 
epithelial   cell   specific   transforming   growth   factor 
(TGF-e), a 20-kDa polypeptide with a N-termmal se- 
quence identical to human granulin A. was purified 
from bovine kidney U3). It is not clear at this time 
whether TGF-e is the partially processing product of 
epithelins/granulins precursor or is encoded by another 
gene. The study with PC cells provided the first evi- 
dence that the unprocessed precursor had biological 
activity and was acting as a growth modulator (6). 

Growth factors regulate cell proliferation and differ- 
entiation bv binding to specific cell surface receptors 
which once activated, will mediate a cascade of second 
messengers pathways leading to biological cellular re- 
sponses. Therefore, it is very important to characterize 
the interaction of newly characterized growth modula- 
tors to cell surface binding sites in cells where they 
exert biological response. Since PCDGF is a novel 
growth factor, experiments were carried out to investi- 
gate the properties of its binding to cells. 
° It has been shown that epithelin/granulin precursor 
mRNA is expressed by many tissues and cells in culture 
.7). Thus we first screened several eel", "lines to find one 
that did not express significant level of PCDGF so that 
binding studies would not be hampered by possible oc- 
cupancv   of  cell   surface   binding   sites   by   secreted 
PCDGF. We found that the mink lung epithelial cell 
line CCL64 expressed extremely low level of PCDGF 
mRNA  and  PCDGF   inhibited  the   proliferation _of 
CCL64 in a dose-dependent manner.' ihus initial  -"T- 
PCDGF binding studies were performed using CCL64 
cells. In this paper, we report results about the bio- 

chemical analvsis and identification of PCDGF cell sur- 
face binding sites for these cells and also for other cell 

lines. 

MATERIALS AND METHODS 

'X. Xia and Ü. Serrero. manuscript in preparation. 

Expression of PCDGF in insect cells and purification of PCDGF. 
PCDGF cDN\ was ligated into the EcoRI-Smal sites of Baculovirus 
transfer vector pVL1392 .Invitrogen San Diego CA). Plasnnd of 
nVL1392-PCDGF was used to cotransfect insect cells (bt9) witn Ba- 
culovirus DNA ■ BaculoGold. PharMingen. San Diego, CA) and Bacu- 
loviru-PCDGF was selected according to the method of Summers 
, Hi After infection of Baculovirus-PCDGF the insect cellsjSF9or 
HighS- were cultured in Graces medium for 48 hours at 2rC. Ihe 
conditioned medium was collected and rPCDGF was purified oy im- 
munoaffinitv chromatography on an anti-PCDGF antibody sepharose 
column. Details of the purification procedures are reported else- 

where.' 
lodmatwn of PCDGF. Affinity purified PCDGF was iodinated by 

the chloramine T method at 4°C. Briefly. 1 Mg of PCDGF was incu- 
bated for 2 min with Na125I (100 pCi) that had been P«»cubatod 
for 90 seconds with 2 pg chloramine T (Sigma, St. Louis MO). The 
reaction was quenched with the addition of 100 u\ saturated tyrosine, 
10 pi of a solution of 1-S BSA and 2 pg sodium metabisulfite. After 
addition of 100 u\ PBS. the iodinated protein was separated rrom 
free Na'-'T bv ..el filtration on a Sephadex-G50 column (Pharmacia 
UDP=ala Sweden • that had been preblocked with PBS containing 1 ,c 
BSA then extensively washed with PBS. The labeled proteins were 
eluted with PBS and fractions monitored for radioactivity. Amount 
of incorporated radioactivity was estimated by TCA precipitation. 
Specific activitv of '«I-PCDGF was typically 30-50 pCi^g. Labeling 
conditions to reach higher specific activity always led to loss of biolog- 
ical activities for the radiolabeled protein. 

'-'I-PCDGF binding to CCL64 cells.    The binding assays were per- 
formed using cells in suspension. Mink lung epithelial cell line, 
MvlLu i CCL64 > 115 > was obtained from the American Type Culture 
Collection .Rockville. MD>. CCL64 cells were cultivated as mono- 
laver= in DME medium supplemented with 10% fetal bovine serum 
, FBS ■ until thev reached confluency. At that time, cells were washed 
with PBS and detached bv brief incubation with a solution ot 0.2o 
m»/ml of trvpsin and 1 mM EDTA. The cells were harvested by 
centnfu-ation extensiveiv washed with culture medium containing 
1<7 B<=\ and oroteinase inhibitors and counted with a hemocytome- 
ter For binding assays. 10» cells were resuspended in 500 pi rf™&- 
ine buffer consisting of DME medium supplemented with l"c BSA 
in 1.5 ml Eppendorf tubes. Equilibrium binding was achieved by 
incubating CCL64 cells for 2 h at 22°C with 10°cpm of -I-PCDGF 
and increasing concentrations of unlabeled PCDGF from 0 to 100 
nWml   \t the end of the incubation period, binding was stopped by 
centrifu^ation followed bv 3 successive washings at 4°C with ice-cold 
bindin" buffer followed bv centrifugation. Cell pellets were counted 
with a LKB ^arnma counter. Scatchard analysis of binding data was 
done bv u*inr the LIGAND computer program. Values described 
in the result "section correspond to the average of three separate 
experiments each performed with duplicate determinations per ex- 

perimental point. 

C--,«linr-r* studies of PCDGF to various cell lines. 3T3 fibro- 
blast; were cultivated in DMEM-F12 medium supplemented with 
10', CS and PC cells were cultivated in defined medium as described 
Dreviously 6 . PC cells were detached by brief incubation with PBS 
com mm''-- ' -M EDTA. 3T3 fibroblasts were detached by brief expo- 
sure to trviDsin solution. In both cases, the cells were washed exten- 
siveiv with DMEM-F12 medium supplemented with V'r BSA prior 
to doing the binding assay. For crosslinking studies. 5 v UT cells 
were resu=oended in 250 pi of binding buffer in Eppendorf tubes. 
'-"'I-PCDGF was added in 50 pi of binding buffer with or without 

540 

J 

V 
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100-fold excess unlabeled competing ligand. Binding was performed 
as described in the previous paragraph. At the end of the incubation 
period, the cells were washed twice with 0.2% BSA-DME and once 
with PBS before crosslinking was carried out. The cells were resus- 
pended in 200 /il PBS containing 1 mM disuccinimidyl suberate 
(DSS. Pierce, Rockville. IL) which had been prepared at a stock con- 
centration of 100 mM in DMSO just prior to being used. Incubation 
was carried out at room temperature for 20 min. After crosslinking, 
10 pi of 1 M Tris-HCl buffer (pH 7.4) was added to quench the 
reaction. The cells were centrifuged, washed and extracted with 25 
pi extraction buffer (PBS containing 1% Triton X-100, 0.1% SDS, 0.5 
mM phenylmethylsulfonyl fluoride (PMSF)) at 4°C for 1 h. Samples 
were centrifuged for 5 min at 13,000 x g and 25 pi of supernatant 
from each sample was mixed with 4 pi of 20% SDS and 15 pi 3 x 
Laemmli's sample buffer (16) containing /3-mercaptoethanol and 
boiled for 5 min. Electrophoresis of samples was carried out on 7% 
SDS poiyacrylamide slab gel according to Laemmli' 16) using a mini- 
gel apparatus (Bio-Rad. Richmond, CA). The dried gels were exposed 
to X-ray films for autoradiography at -70°C. 

RESULTS 

Binding and Scatchard Analysis of 125I-PCDGF to 
CCL64 Cells 

Binding of 125I-PCDGF to CCL64 cells was examined. 
PCDGF was iodinated with chloramine T as described 
in the method section. Preliminary experiments estab- 
lished that 125I-PCDGF bound to CCL64 cells in a time- 
dependent manner, with maximal specific binding ob- 
tained at 22°C for 2 h (data not shown). To measure 
125I-PCDGF binding, CCL64 cells were incubated 
with labeled tracer in the presence of increasing 
amounts of unlabeled PCDGF. 2.8% of added 125I- 
PCDGF bound to the cells in the absence of unlabeled 

10 15 20 
Bound (PM) 

30 

FIG. 1. Scatchard analysis of 125I-PCDGF binding to CCL64 cells. 
CCL64 cells were incubated fir 2 h at 22"C with l25I-PCDGF HO5 

cpnxtube- in the presence of increasing concentrations of unlabeled 
PCDGF 0-100 ngi. The cells were washed three times and cell-asso- 
ciated radioactivity was measured in a gamma counter. Nonspecific 
binding was determined in the presence of a 200-fold excess of unla- 
beled PCDGF. Scatchard analysis of PCDGF binding data was done 
using LIGAND computer program. Scatchard representation of one 
of three experiments is shown here. 

Cold PCDGF 

free 
'125l-rPCDGF 

FIG. 2. Affinity labeling of 125I-PCDGF binding sites on CCL64 
cells. I25I-PCDGF "was incubated with 5 x 105 CCL64 cells in the 
presence or absence of 100-fold excess of unlabeled PCDGF for 2 h 
at 22°C and was crosslinked to its receptor with 1 mM DSS (final 
concentration) for 20 min at 4°C. The crosslinking reaction was 
quenched by the addition of Tris-HCl buffer (pH 7.4), and the cells 
were extracted by 1% Triton X-100. The supernatant was mixed with 
3 x SDS-PAGE sample buffer containing /3-mercaptoethanol and 
electrophoresed on a 7% poiyacrylamide gel. After electrophoresis, 
the gel was dried and exposed to the X-ray film. 

competitor. A concentration-dependent inhibition of io- 
dinated PCDGF binding was observed in the presence 
of unlabeled PCDGF. A 90% inhibition of total binding 
was observed at the highest concentration of unlabeled 
PCDGF tested (300 ng/ml). 

Equilibrium binding data were analyzed by the LI- 
GAND computer program (17). Scatchard representa- 
tion from one typical experiment is shown in Fig. 1. 
The data indicated that binding of 125I-PCDGF to 
CCL64 cells was curvilinear corresponding to the pres- 
ence of two classes of cell surface receptors for PCDGF. 
Based on three independent experiments, binding pa- 
rameters calculated were Kdl = 43 ± 15 pM with 560 
± 170 sites/cell for the high affinity sites, and Kd2 = 
3.9 ± 1.9 nM with 16350 ± 5900 sites/cell for the low 
affinity sites. 

Crosslinking of I2SI-PCDGF to CCL64 Cells 
125I-PCDGF bound to CCL64 cells was crosslinked by 

the addition of the chemical crosslinker DSS. Cross- 
linked material was separated by electrophoresis on 
7% poiyacrylamide gels followed by analysis by autora- 
diography. As shown in Fig. 2, autoradiographic analy- 
sis revealed the presence of one major crosslinked band 
with an apparent molecular weight of 190 kDa. The 
intensity of the radiolabeled crosslinked band was sig- 
nificantly decreased in the lanes where binding was 
carried out in the presence of excess cold PCDGF, show- 
ing that unlabeled PCDGF competed with 125I-PCDGF. 
Crosslinked band could not be detected if experiment 
was performed in the absence of crosslinker DSS and 
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FIG. 3. Comparison of affinity labeling of 125I-PCDGF to CCL64 
cells in reducing and non-reducing conditions. Binding and crosslink- 
ing of I-PCDGF to CCL64 cells were done as described previously. 
The extracts were mixed with SDS-PAGE sample buffer in the pres- 
ence or absence of 10 mM ß-mercaptoethanol iß-ME) and separated 
on a 7% polyacrylamide gel. After electrophoresis, the gel was dried 
and exposed to the X-ray film. In non-reducing condition the migra- 
tion of PCDGF in SDS-PAGE was changed due to the high cysteine 
content of the protein. 

when using cells which were not responsive to PCDGF 
(data not shown). As shown in Fig. 3, the molecular 
weight of the crosslinked band was not significantly- 
changed whether samples were treated or not with 0- 
mercaptoethanol prior to performing the electrophore- 
sis. These data would suggest that if the receptors are 
multimeric, they are not linked by disulphide bridges. 

PCDGF Receptors Are Ubiquitously Expressed in 
Cells of Different Embryonic Origin 

We have shown previously that PCDGF is a growth 
stimulator for mouse 3T3 fibroblasts and for the highly 
tumorigenic teratoma-derived PC cell line from which 
PCDGF was originally purified (6). Binding and cross- 
linking experiments of 125I-PCDGF to both cell types were 
then performed to determine the size of crosslinked 
PCDGF receptors on both types of cells. SDS-PAGE of 
the crosslinked products indicated the presence of a ma- 
jor wide labeled band which migrated with an apparent 
molecular weight similar to the ones in CCL64 cells. The 
formation of crosslinked bands was prevented by addition 
of unlabeled PCDGF, showing the binding of 125I-PCDGF 
to these cells was specific iFig. 4). Because PC cells were 
cultivated in defined medium in the absence of serum, 
these results indicate that the crosslinked band does not 
correspond to a possible interaction between PCDGF and 
a binding protein present in serum. These data suggest 
that PCDGF cell surface receptors are expressed in many 

different types of cells responsive to PCDGF and the mo- 
lecular weight of these receptors on these different cells 
is similar. 

DISCUSSION 

As a member of a new growth factor family, PCDGF 
may play an important role in cellular proliferation and 
differentiation. The characterization of receptors which 
mediate the effects of growth factors such as PCDGF is 
of importance due to the possible involvement of these 
proteins in physiological and/or pathological processes. 
The data presented here investigate for the first time 
the binding of PCDGF (epithelin/granulin precursor) 
to cell surface receptors. Our experiments show that 
PCDGF can be iodinated and that 125I-PCDGF specifi- 
cally binds to several cell types. Scatchard analysis of 
the equilibrium binding data with the epithelial cell 
line CCL64 indicates the existence of two classes of 
high and low affinity PCDGF receptors. Crosslinking 
experiments reveals the presence of one major class of 
binding sites for PCDGF on CCL64 with the molecular 
weights of about 120 kDa. Furthermore, it is shown 
that binding sites for PCDGF are present on several 
PCDGF-responsive cell lines in addition to CCL64 
cells. 

The existence of two classes of high and low affinity 
receptors for PCDGF by Scatchard analysis suggests 
either possible interactions between identical binding 
sites, or multiple independent sites. However, it is now 
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FIG. 4. Presence of PCDGF binding sites on the cell surface of 
several cell lines. 3T3 fibroblasts, PC cells and CCL'64 cells were 
prepared as described under Materials and Methods. Cell suspen- 
sions were incubated for 2 h at 22°C with 125I-PCDGF in the presence 
or absence of unlabeled PCDGF. After incubation, the cells were 
treated with DSS for 20 min at 4°C and extracted in 1<> Triton X- 
100. The extracts were analyzed by SDS-PAGE and autoradiography 
performed as mentioned before. 
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well documented for other growth factors that the for- 
mation of high affinity sites may be the result of recep- 
tor subunit interaction, such as homodimerization of 
low affinity receptors as it has been shown with EGF 
receptor (18), heterodimerization of a and ß chains as 
shown for interleukin-2 receptor (19), or heterodimeri- 
zation of a low affinity receptor with an affinity con- 
verter subunit as recently reported between the recep- 
tors for interleukin-6, leukemia inhibitory factor, onco- 
statin M, ciliary neurotrophic factor and the gpl30 
protein (20, 21). Crosslinking experiments of 125I- 
PCDGF binding to cell surface binding sites revealed 
the presence of a single band of 190-kDa after SDS- 
PAGE and autoradiography. This does not necessarily 
imply that only a single binding species is present. 

Like many other cytokines and growth factors (20, 
22. 23), PCDGF may be multifunctional and exhibit 
pleiotropic biological effects on cells. To date, the only 
physiological role known to PCDGF or epithelins is re- 
lated to cell proliferation. Unlike epithelins, PCDGF 
affects proliferation both on epithelial and non-epithe- 
lial cells (6). Dependent on the cell types. PCDGF either 
stimulates or inhibits the cellular proliferation. The 
effective concentration of PCDGF for inhibition or stim- 
ulation on the cellular proliferation was similar.5 An 
interesting question remained to be answered is 
whether the different biological effects of PCDGF are 
mediated by the different classes of binding sites inde- 
pendently or by the diversified downstream signal 
pathways in cells. 

PCDGF is the precursor of epithelins/granulins. Up 
to now there is only one report about the characteriza- 
tion of receptor for epithelins (11). In addition, the bind- 
ing sites on epithelial cells for TGF-e. a protein with 
the N-terminal sequence identical to the human gra- 
nulin A, is reported (24). Scatchard analysis revealed 
there were two different binding sites with different 
affinity for epithelins and results from crosslinking 
showed there was a single band of ligand-receptor com- 
plex with about 145 kDa on the surface of MDA-MB- 
468. Furthermore, it is observed that epithelin 1, 2 
and 3 seemed to share same receptor because they all 
specifically competed with iodinated epithelin 1 for the 
binding to the membrane. Despite the evidence that 
showed that PCDGF receptor is different from epithel- 
ins receptors, we cannot totally exclude the possibility 
that PCDGF and epithelins share same receptors or 
some classes of the receptors. Molecular cloning and 
expression of PCDGF receptors should enable us to 
study the exact nature of the interactions between 
PCDGF and epithelins/granulins receptors. Even if 
PCDGF receptors are different from epithelins recep- 

5 X. Xia and G. Serrero. unpublished observation. 

tors, cross-talk and transmodulation between these re- 
ceptors remain potentially important regulatory events 
to consider, as has been shown to occur between EGF 
receptor (25) and platelet-derived growth factor recep- 
tors (26). 
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PC cell-derived growth factor (PCDGF) is an 88 
kDa glycosylated protein isolated from a highly tu- 
morigenic mouse teratoma derived cell line which is 
similar to the epithelin/granulin precursor. Using 
Northern blot and western blot analyses, we detect 
the expression of PCDGF mRNA and protein in 
MCF-7 human breast cancer cells. We show that 17- 
ß-estradiol stimulates PCDGF mRNA and protein ex- 
pression in a time and dose-dependent manner. The 
stimulation of PCDGF expression by 17-ß-estradiol 
was observed as early as 4 hours and reached 
a maximum at 12 hours. Maximal stimulation of 
PCDGF mRNA and protein expression by 17-ß-estradiol 
was observed at a concentration of 10"s M. The stim- 
ulation of PCDGF expression by 17-ß-estradiol was 
completely inhibited by treatment with actinomycin 
D and with the antiestrogen 4-hydroxytamoxifen. 
The stimulation of PCDGF expression was also dem- 
onstrated in another human estrogen-responsive 
cell line T47D. The results presented here provide 
evidence of a novel estradiol responsive gene prod- 
uct in human breast cancer cell lines and give infor- 
mation about the hormonal control of epithelin/ 
granulin (PCDGF) expression in these cells,   o 1999 
Academic Press 

PC cell derived growth factor is an 88 kDa glyco- 
sylated protein purified from the highly tumorigenic 
teratoma-derived cell line PC 1). Structural analysis 
of PCDGF indicated that it consisted of a 68 kDa core 
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protein and a 20 kDa carbohydrate moiety (1). 
Amino-acid and cDNA sequencing indicated that 
PCDGF cDNA was identical to the epithelin/granulin 
precursor (2-3). Epithelin and granulins are 6 kDa 
double cysteine-rich polypeptides originally purified 
from rat kidney (4) and from human granulocyte 
extracts (5) characterized by a unique highly con- 
served motif (6). These polypeptides have subse- 
quently been identified throughout the entire verte- 
brate kingdom (6). Epithelins have been shown to act 
as dual growth effectors that promote or inhibit the 
growth of various mammalian cells in culture includ- 
ing keratinocytes and human epidermoid carcinoma 
cell line A431 (4). Interestingly, epithelin 2 can an- 
tagonize the mitogenic action of epithelin 1 (4) on 
keratinocyte whereas they both inhibit proliferation 
of human breast cancer cells (7). Cloning of cDNA for 
epithelins and granulins has shown that they are 
encoded by a 593 amino-acids common precursor 
called epithelin/granulin precursor containing a se- 
cretory signal peptide and seven and a half repeats of 
the cysteine rich 6 kDa motifs (4-5). Although it 
was postulated that epithelin/granulin precursor 
needed to be processed into biologically active 6 kDa 
polypeptides (4), several examples have been re- 
ported of the biological importance of the precursor. 
Acrogranin. a 67 kDa glycoprotein found in the ac- 
rosomal compartment of the sperm head has an 
amino-terminal sequence identical to the precursor 
18). The 88 kDa glycoprotein PC-cell derived growth 
factor was shown to stimulate the proliferation of 
fibroblasts cells (1). Moreover, the granulin/epithelin 
precursor also stimulated the growth of mouse em- 
bryo fibroblasts null for the type 1 insulin-like 
growth factor receptor (9). In this paper, we investi- 
gated the expression of PCDGF in human breast 
cancer cell lines and showed that its expression is 
stimulated by estradiol. 
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FIG. 1. Time-course of E2 effect on PCDGF mRNA expression. 
MCF-7 cells were maintained in steroid-free conditions by being 
cultured in PFMEM medium for 24h as described in the method 
section. Cells were then treated with 10"' M E;. Control cells were 
treated with the same volume of ethanol only ■ 0. 19 i. Total RNA was 
extracted at the indicated times. PCDGF expression was measured 
by Northern blot analysis. 28S ribosomal RNA expression was mea- 
sured as internal control for equal RNA loading. 

MATERIALS AND METHODS 

Materials. 17S-estradiol I.ESI. 4-OH-tamoxifen, cycloheximide, 
actinomycin D were obtained from Sigma. Protem A-Sepharose was 
from Pharmacia. Culture media and fetal bovine serum (FBS) and 
Tnzol reagent were purchased from Life Technology. Tissue culture 
piasticware was supplied by Corning Incorporated. 

Cell culture. Human breast cancer MCF-7 cells were obtained 
from the American Type Culture Collection lATCCi and T47D cells 
■ATCO were kindly provided by Dr. Angela Brodie i University of 
Maryland1. Both cell lines were cultivated in Dulbecco's modified 
Eagle's medium-Ham's F-12 medium (1:1 mixture) supplemented 
with 59 FBS. For all experiments, cells were cultivated as described 
before in 60-mm dishes. After reaching 709 confluency. cell mono- 
layers were washed twice with phenol-red free a-modified Eagle's 
medium (Q-MEM and incubated for 24 hours in Q-MEM supple- 
mented with 59 charcoal-stripped FBS (PFMEM). Cells were then 
washed twice again with Q-MEM and then incubated in PFMEM for 
different times in the presence and absence of various concentrations 
of agents to be assayed, as indicated in the figure legends. 

RXA isolation and Northern bio! analysis Total RNA was ex- 
tracted using Tnzol reagent from duplicate 60-mm dishes. 20 ßg 
total RNA were used to study PCDGF mRNA expression by North- 
ern blot analysis using a human PCDGF cDNA probe carried out as 
described previously '10). The signals obtained by autoradiography 
were quantified by densitometric analysis and normalized to the 
level of 2SS ribosomal RNA internal control. 

Western blotting. MCF-7 cells were lysed in 1 ml PBS buffer 
containing 19 Tnton X-100 with a protease inhibitor cocktail con- 
sisting of 200 aM PMSF. 1 uM leupeptin. 0.5 j.M aprotimn and 1 
ir.M EDTA from duplicate 60 mm dishes. Cells lysates and condi- 
tioned media from 4 ■ 10' cells were -.ncubatec overnight at 4'C with 
■5 ,ul of rabbit anti-human PCDGF polyclonal antibody. The immu- 
nocomplexes were then cullected by incubation with 50 u.1 of protein 
A-Sepharose slurry for 4 hours The Sepharose beads were washed 
three times with cold PBS and then boiled in 2 x reducing SDS 
sample buffer '29 SDS. 109 glycerol. 62 mM Tns-HCl pH 6.8. 19 
S-mercaptoethanol' and loaded on a 109 SDS-polyacyamide gel 
Proteins were then eiectrophoreticaiiy transferred to a 0.2 jim PVDF 
membrane Milhpore at 100 V for 1 hour. Tne blot was blocked 
overnight at 4°C in 59 slam milk and then probed with the anti- 
PCDGF polyclonal antibody for 1 hour at room temperature in PBST 
buffer 'PBS buffer containing 0.059 Tween 20 plus 19 skim milk. 
After washing three times. 5 min each in PBST. the blot was incu- 
bated at room temperature with goat anti-rabbit IgG conjugated to 

horseradish-peroxidase (KPU for lh in PBST ar-v—ing \<7C siym 

milk. The washing step was repeated twice. Final- trjnunoreactiv- 
ity on the blot was visualized by the enhanced ciezLiluminescence 
detection system (Amersham . All experiments —?r- repeated at 
least three times. 

RESULTS 

Time-dependent stimulation of PCZ/JF mRNA 
expression by E2. MCF-7 cells were nlrivated in 
phenol-red free a-MEM medium supplemented with 
59c charcoal-stripped FBS in the present :r absence of 
E2 (1CT9 M). Total RNA was extracted i: indicated 
times to measure PCDGF mRNA express^ by North- 
ern blot analysis (Fig 1 ■. Results showed iat MCF-7 
cells expressed PCDGF mRNA and TJLI: PCDGF 
mRNA expression increased in a time-iepe_.dent fash- 
ion upon treatment with E2. Densitomem: analysis of 
the data indicated that the increase in PCDGF mRNA 
expression was 1.5-fold after 4 hours of erasure to E2, 
reached a 5-fold maximum induction sz 12 hours 
and decreased to 2-fold above basal level r: 24 hours. 
PCDGF mRNA expression in control n=reated cells 
remained at a low level throughout the szzie period. 

Dose-dependent s::nulation of PC1-Z-F mRNA 
expression by E,. MCF-7 cells were treated with dif- 
ferent concentrations of E2 tlCT14 to II" Mi for 12h 
followed by RNA extraction and Norche— blot analy- 
sis. As shown in Fig. 2A. treatment of MC7-7 cells with 
increasing concentrations of E: resumed in a dose- 
dependent increase in the level of PCDGF mRNA ex- 
pression. The stimulation of PCDGF nirJ-li expression 
by E2 was observed at concentrations as i?v as 10"12 M 
and was maximal with a 5-fold stimulanx of PCDGF 
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FIG. 2. Effect of incrv~~7 concentration.- :: I ->n PCDGF 
mRNA expression. MCF-7 s=d T47D cells a: ">* ctrtuence were 
cultivated in PFMEM med;:^: ::r 24h as descrit^i zxrr~. Cells were 
then treated with the indüs^c concentration :" L Tontrol cells 
were treated with the same v-.c=ze of ethanol . '.' ~,iai RNA was 
extracted 12h later. PCDG7 zJLNA expression =-= measured by 
Northern blot analysis.  A 1477-7 cells. ■ B  T4"7 ciii. 
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FIG. 3. Effect of 4-OH- tamoxifen and actinomycin D on the 
stimulation of PCDGF mRNA expression by E-. MCF-7 cells culti- 
vated in estrogen-depleted medium for 24h were treated for 6h with 
1CT9 M E; alone or in the presence of one of the following three 
compounds: 4-OH-tamoxifen (TAM. 1 ßM), Actinomycin D (AcD. 5 
jig/ml) and Cycloheximide 'CYC, 10 fig/ml). Control cells (CON) not 
treated with E; but with the same volume of ethanol (0.1^) were 
used as negative control. Total RNA was collected to examine the 
level of expression of PCDGF mRNA by Northern blot analysis. 

expression in cells treated at 10 "8 M E2, a concentra- 
tion known to maximally stimulate expression of 
estrogen-responsive genes such as progesterone recep- 
tor in MCF-7 cells (11). 

The induction of PCDGF mRNA expression was also 
observed in another ER-positive cell line T47D with a 
four-fold stimulation of PCDGF mRNA expression at 
1CT9 M E; (Fig. 2B). 

Effect of Tamoxifen on PCDGF mRNA stimulation 
by E2. Experiments were carried out to examine 
whether the stimulatory effect of PCDGF expression 
was inhibited by treatment with the antiestrogen 
4-OH-Tamoxifen. We used a concentration of 1 /xM of 
4-OH-tamoxifen which has strong antagonist activity 
with no partial agonist activity (12), As shown in Fig. 3, 
treatment of MCF-7 cells with 4-OH-tamoxifen blocked 
the increase of PCDGF expression by E2 (10~9 M). 
These data suggest that the effect of E2 on PCDGF 
expression is mediated by estrogen receptor. 

We then examined the effect of protein synthesis 
inhibitor cycloheximide (10 fig/ml) and RNA synthesis 
inhibitor actinomycin D (5 p.g/ml) on the stimulation of 
PCDGF mRNA expression by short-term treatment 
with E2 (10"s M). As shown in Fig. 3. the stimulatory 
effect of E: on PCDGF mRNA expression was com- 
pletely abolished by treatment with actinomycin D but 
not with cycloheximide. These data suggest that the 
stimulation of PCDGF expression by E2 requires de 
novo mRNA synthesis. 

PCDGF protein expression is stimulated by Es. Cell 
lysates and conditioned media of MCF-7 cells were 
collected at various times after treatment with E2 (10~9 

M) to examine PCDGF protein expression using immu- 
noprecipitation and western blot analysis with anti- 
human PCDGF antibody as described in the materials 
and methods section. As shown in Fig. 4, treatment of 
MCF-7 cells with E2 resulted in a time-dependent stim- 
ulation of PCDGF expression in cell lysates, reaching a 

maximum at 12h. E2 treatment also caused the accu- 
mulation of PCDGF protein in conditioned medium. 
The cell lysates and conditioned media of control 
cells (0.1% ethanol only) showed a low, stable level of 
PCDGF protein expression throughout the same period 
(data not shown). 

DISCUSSION 

PC cell derived growth factor (PCDGF) is an 88 kDa 
glycoprotein corresponding to the precursor of the 6 
kDa double-cysteine rich polypeptides called epithelins 
or granulins (1-4). We show here that human mam- 
mary carcinoma cells MCF-7 and T47 D express 
PCDGF mRNA and protein and that the 88 kDa pre- 
cursor protein is secreted in their culture medium. 
Data presented here demonstrate that estrogen stim- 
ulates PCDGF expression in MCF-7 cells in a time and 
dose-dependent fashion. E2 also stimulates the time- 
dependent production of PCDGF protein in a pattern 
similar to the stimulation of PCDGF mRNA expres- 
sion. The stimulation of PCDGF expression by E2 is not 
restricted to MCF-7 cells since it was also demon- 
strated in another estrogen responsive cell line T47D. 
PCDGF mRNA and protein were also detected in the 
ER-negative human breast cancer cells MDA-MB-468 
and MDA-MB-453 but the level of PCDGF expression 
was not stimulated by estradiol treatment (Lu and 
Serrero, unpublished result). 

The fact that 4-hydroxytamoxifen abolishes the 
stimulatory effect of E2 suggests that the induction of 
PCDGF expression is mediated via an estrogen recep- 
tor (ER)-related pathway. 

The promoter regions of mouse and human epithelin/ 
granulin precursor have been characterized (13-14). 
Analysis of the sequence failed to indicate the presence 
of a classical estrogen responsive element (ERE) in the 
proximal region of the precursor promoter (6), suggest- 
ing that any steroid effect may be indirect. However, 
very few of the human mRNAs known to be directly 
regulated by estrogen in mammary epithelial cells 
have been shown to be induced from a canonical ERE 
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FIG. 4. PCDGF protein expression in MCF-7 cell lysates and 
conditioned media during incubation with E: MCF-7 cells were cul- 
tivated in PFMEM medium for 24h. The medium was removed and 
replaced with fresh PFMEM medium. Cell lysates (C.L.) and condi- 
tioned media (CM.) were collected at indicated times after incuba- 
tion with 10 *9 M E2 and Western blot analysis of PCDGF expression 
was performed as described in the materials and methods section. 
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(151. Most estrogen-responsive genes identified to date 
contain one or more imperfect EREs or multiple copies 
of an ERE half-site rather than a classical ERE (16- 
17). Such ERE half sites have been found in PCDGF 
promoter region (13-14). Detailed promoter studies 
should allow to explore this question. 

The intact 88 kDa epithelin/granulin precursor, also 
called PCDGF, was originally purified from the condi- 
tioned medium of a teratoma derived cell line of mes- 
enchymal origin (1). The data presented here show that 
cells of epithelial origin can also secrete the intact 
precursor. The expression of the precursor in epithelial 
cells as well as in fibroblasts would suggest a wide- 
spread role for PCDGF in contrast to some other 
growth factors that have a more restricted distribution. 
Receptors for the 6 kDa epithelin. the processed form of 
PCDGF have been characterized on human mammary 
epithelial carcinoma cells MDA-MB-468 by Scatchard 
analysis of binding studies and chemical cross-linking 
of :"JI-labeled epithelin (71 Two classes of binding sites 
with an apparent molecular weight of 145 kDa were 
reported on these cells. Cell surface binding sites for 
125I-PCDGF with an apparent molecular weight of 120 
kDa have also been characterized by Scatchard analy- 
sis and by affinity labeling in several cell lines of mes- 
enchymal and epithelial origins including mouse mam- 
man- epithelial cells (IS >. The fact that mammary 
epithelial cells secrete the epithelin/granulin precursor 
is interesting as it raises questions about the possible 
role of various members of the same family of polypep- 
tide growth factors in these cells. Our preliminary re- 
sults indicate that PCDGF is a mitogen for mouse and 
human mammary epithelial cells <Xia, Lu and Serrero, 
unpublished result). Experiments are performed to ex- 
amine in detail the role of PCDGF in the growth of 
human mammary epithelial cells. 

In summary, the results presented here provide 
novel information about the hormonal control of 
epithelin/granulin expression and identify a novel gene 
regulated by estradiol in mammary epithelial cells. 

ACKNOWLEDGMENTS 

The authors wish :o thank Dr Xianmin Xia for helpful suggestions 
and Dr. Angela Brodie of L'niversity of Maryland Cancer Center for 

providing the T47D cell line. This work was supported by grant 
DAMD 17-96-1-6072 from US Army Medical Research and Material 
Command and by a Dr. Frank J. Slama Endowed Predoctoral Fel- 
lowship to R. L. 

REFERENCES 

1. Zhou, J., Gao, G., Crabb, J. W., and Serrero, G. (1993) J. Biol. 
Chem. 268, 10863-10869. 

2. Plowman, G. D., Green, J. M., Neubauer, M. G.. Buckley. S. D., 
McDonald, V. L., Todaro, G. J., and Shoyab. M. (1992) J. Biol. 
Chem. 267, 13073-13078. 

3. Bhandari. V., Palfree, R. G. E., and Bateman. A. (1992) Proc. 
Natl. Acad. Sei. USA 89, 1715- 1719. 

4. Shovab. M.. McDonald. VL.. Byles. C, Todaro, G. J.. and 
Plowman. G. D. i,1990> Proc. Natl. Acad. Set. USA 87, 7912- 
7916. 

5. Bateman. A., Belcourt, D.. Bennett. H., Lazure. C, and Solo- 
mon, S. (1990) Biochem. Biopkys. Res. Commun. 173, 1161- 
1168. 

6. Bateman, A. and Bennett, H. P. (1998) J. Endocrinol. 158, 
145-151. 

7. Culouscou. J.. Carlton. G. W., and Shoyab, M. (1993) J. Biol. 
Chem. 268, 10458-10462. 

8. Baba, T.. Hoff. H. B., Nemoto. H, Lee, H. Orth. J.. Arai. Y.. and 
Gerton. G. L. (19931 Mol. Reprod. Dei. 34, 233-243. 

9. Xu. S. Q.. Tang, D., Chamberlain, S.. Pronk. G., Masiarz. F., 
Kaur. S.. Prisco. M., Zanocco-Marani, T., and Baserga, R. (1998) 
J. Biol. Chem. 273, 20078-20083. 

10. Jiang, H.. and Serrero, G. (1992). Proc. Salt. Acad. Sei. USA 89, 
7856-7860. 

11. May, F. E., Johnson, M. D., Wiseman, L. R.. Wakeling, A. E., 
Kastner. P., and Westley. B. R. (1989) J. Steroid. Biochem. 33, 
1035-1041. 

12. Darbre. P. D., Curtis, S., and King, R. J. (1984) Cancer Res. 44, 
2790-2793. 

13. Bhandari. V.. Daniel, R„ Lim. P. S., and Bateman, A. (1996; 
Biochem.. J. 319, 441-447. 

14. Baba. T.. Nemoto. H.. Watanabe, K. Arai, Y., and Gerton, G. L. 
(1993' FEBS Lett. 322, 89- 94. 

15. May. F.. and Westley. B. R. (1995) Biomed & Pharmacother. 49, 
400"-414. 

16. Kato. S.. Sasaki. J. H., Suzawa, M., Masushige, S., Tora, L., 
Chambon, P., and Gronemeyer, H. (1995) Mol. Cell. Biol. 15, 
5858-5867. 

17. Treilleux, I., Peloux, N.. Brown, M.. and Sergeant. A. (1997) Mol. 
Endocrinol. 11,1319-1331. 

18. Xia. X.. and Serrero. G. (1998) Biochem. Biophy. Res. Commun. 
245, 539-543. 

207 



JOURNAL OF CELLULAR PHYSIOLOGY 179:297-304 (1999) 

Resveratrol, a Natural Product Derived From 
Grape, Exhibits Antiestrogenic Activity 

and Inhibits the Growth of Human 
Breast Cancer Cells 
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Baltimore, Maryland 
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Resveratrol is a natural phytoalexin compound found in grapes and other food 
products. In this study, the effect of resveratrol on the growth of human breast 
cancer cells was examined. Results show that resveratrol inhibits the growth of 
estrogen receptor(ER)-positive MCF-7 cells in a dose-dependent fashion. Detailed 
studies with MCF-7 cells demonstrate that resveratrol antagonized the growth- 
promoting effect of 1 7-ß-estradiol (E,) in a dose-dependent fashion at both the 
ce! (cell growth] and the molecular 'gene activation! levels. At 5 x 10" 'M. 
resveratrol abolished the growth-stimulatorv effect mediated by concentrations of 
E;, up to 10 " M. The antiestrogenic effect of resveratrol could be observed at a 
concentration of 10 h M and above. The antiestrogenic effect of resveratrol was 
also demonstrated at the molecular level. Resveratrol in a dose-dependent fashion 
antagonized the stimulation by E, of progesterone receptor gene expression in 
MCF-7 cells. Moreover, expression of transforming growth factor-a and insulin- 
like growth factor I receptor mRNA was inhibited while the expression of trans- 
forming growth factor ß2 mRNA was significantly elevated in MCF-7 cells culti- 
vated in the presence of resveratrol (10~3 M). In summary, our results show that 
resveratrol, a partial ER agonist itself, acts as an ER antagonist in the presence of 
estrogen leading to inhibition of human breast cancer cells.    J. Cell Physiol  179- 
29. -304,  1999. C 19W Wilev-Liss. Inc. 

Resveratrol i3.5.4'-trihydroxystilbene) is a biofla- 
vonoid found in many plants, including grapes and 
mulberries. In the plant world, resveratrol, regarded as 
an antibiotic, is thought to play an important role in 
the host defense mechanism against infection and in- 
jury (Dercks and Creasy. 1989). Red wine is believed to 
be the main source of resveratrol in the human diet. 
Recent studies have associated resveratrol with the 
cardioprotective effect observed among people with 
moderate wine consumption. For example, it has been 
reported that resveratrol had protective effects against 
oxidation of lipoproteins Frankel et al., 1993), an im- 
portant step in atherogenesis. It also inhibited platelet 
aggregation and altered eicosanoid synthesis (Soleas et 
al.. 1997). Moreover, resveratrol has been found to 
possess chemopreventive activity by inhibiting ribonu- 
cleotide reductase (Fontecave et al., 1998) and cellular 
events associated with cell proliferation, tumor initia- 
tion, promotion, and progression (Jang et al.. 1997- 
Mgbonyebi et al.. 1998). 

Bioflavonoids are major constituents in plants and 
vegetables (Harborne. 1994). Some of them have been 
categorized as phytoestrogens because these environ- 
mentally derived compounds bind and activate the es- 

© 1999 WILEY-LISS. INC. 

trogen receptor (ER) although they are less active than 
endogenous estrogens (McLachlan, 1995). Recent stud- 
ies have also suggested that some of the flavonoids 
have an antiestrogenic effect by preventing more po- 
tent endogenous estrogen from binding to the ER, sim- 
ilarly to tamoxifen (Makela et al., 1995a,b; Markaver- 
ich et al., 1995; Collins et al., 1997). For example, 
phytochemicals such as enterolactone, narigenin, and 
phloretin have all been shown to possess mixed ago- 
nist/antagonist activity of the ER (Mousavi and Adler- 
creutz, 1992; Miksicek, 1993; Ruh et al., 1995). Indeed, 
the chemopreventive effect of bioflavonoids has been 
used to explain the low incidence of breast cancer and 
prostate cancer among vegetarians and Orientals who 
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normally have higher blood levels of phytoestrogens 
(Setchell and Adlercreutz, 1988; Adlercreutz et al., 
1992; Makela et al., 1995). Recently, Gehm et al. (1997) 
have reported that resveratrol can bind and activate 
ER and stimulate the growth of ER-positive breast 
cancer cells. However, the effect of resveratrol on the 
growth of ER-positive breast cancer cells in the pres- 
ence of E2 had not been thoroughly studied. In the 
present study, we examined the effect of resveratrol 
either alone or in combination with estrogen on the 
growth of MCF-7 breast cancer cells at both cellular 
and molecular levels. 

MATERIALS AND METHODS 
Cell culture 

MCF-7 cells obtained from the American Type Cul- 
ture Collection lATCC. Manhassas, VA) were main- 
tained in DME-F12 medium (1:1 mixture of Dulbecco's 
modified Eagle's medium [DMEM] and Ham's F12 me- 
dium) supplemented with 5% fetal bovine serum (FBS; 
Life Technologies, Gaithersburg. MD). 

Growth of MCF-7 cells cultivated in DME-F12 
medium supplemented with 5% FBS 

To determine the effect of resveratrol on cell growth, 
MCF-7 cells were plated in 6-weii plates at 10° cells per 
well in 2 ml of DME-F12 medium supplemented with 
5% FBS in the presence or absence of increasing con- 
centrations of resveratrol (Sigma. St. Louis, MO). The 
cell number was measured even.- 2 days till day 6 with 
a hemocytometer after detaching the cells with trypsin- 
EDTA (Life Technologies). 

Growth of MCF-7 cells in estrogen-depleted 
medium 

To examine the effect of resveratrol and 17ß-estra- 
diol (E,) (Sigma) on cell growth, MCF-7 cells were 
plated in 24-well plates at 5 x 104 cells per well in 1 ml 
of phenol-red free a-modified Eagle's medium (o-MEM; 
Life Technologies» supplemented with 5% charcoal- 
stripped FBS iPFMEM) for 24 hr. The charcoal- 
stripped FBS was prepared bv double-stripping FBS 
with 1% charcoal (Sigmai and 0.5% Dextran T40 (Phar- 
macia. Piscatawav, NJ) according to Katzenellenbogen 
et al. (1987). The" medium was then removed and re- 
placed with fresh PFMEM medium in the presence or 
absence of various concentrations of resveratrol and E2 
as indicated in the figures. Cells were counted on day 6 
with a hemocytometer as described above. 

RNA isolation and reverse transcription- 
polymerase chain reaction (RT-PCR) 

mRNA expression for progesterone receptor (PR) and 
for «everal autocrine srowth factors and their receptors 
was measured by RT-PCR of RNA prepared from 
MCF-7 cells treated with or without estradiol and res- 
veratrol For the studv of PR mRNA expression, MCF-7 
human breast cancer cells < 3 ■ 10° cells per well) were 
plated in six-well plates in 2 ml of DME-F12 medium 
supplemented with 5% FBS. Two days later, the cells 
were washed and cultivated in estrogen-free PFMEM 
medium for 24 hr. MCF-7 ceils were incubated with 
different concentrations of E2. resveratrol, and 4-OH- 
tamoxifen (Sigma) for 24 hr since the stimulation of PR 

mRNA expression by E2 reaches a maximum after 24 
hr (May et al., 1989). 

For the study of the expression of autocrine growth 
regulators such as transforming growth factor-a (TGF- 
a), transforming growth factor-ßl, -ß2, -ß3 (TGF-ßl, 
ß2, ß3), insulin-like growth factor I (IGF-I), insulin-like 
growth factor II (IGF-II), or growth factor receptors 
such as IGF-I receptor (IGF-IR), TGF-ß receptors, and 
epidermal growth factor receptor (EGFR), MCF-7 cells 
were seeded at 105 cells per well in six-well plate in 
DME-F12 medium plus 5% FBS in the presence or 
absence of different concentrations of resveratrol for 6 
davs. Total RNA was isolated using TRIZOL reagent 
(Gibco, Life Technologies) according to the manufactur- 
er's protocol. Specific mRNA expression was examined 
by RT-PCR using human ß-actin mRNA expression as 
an internal control for RNA equal loading. The RT-PCR 
reaction in the exponentially amplifying cycle allows 
semiquantitative comparison of the mRNA expression 
(Ide et al., 1997). Briefly, 5 u-g each of total RNA from 
resveratrol-treated MCF-7 cells was reverse tran- 
scribed by random primer and Super-script II reverse 
transcriptase (Life Technologies). The resulting cDNA 
was subjected to PCR with the primers descnbed be- 
low. The amplification reactions were performed with 
an initial incubation step at 94°C for 3 min followed by 
25 cvcles each (30 cvcles for TGF-ß2. TGF-ß) at 94°C 
for 1 min. 60°C for 45 sec, 723C for 2 min. These cycles 
were followed by a final incubation step at 72°C for 7 
min. The samples were subjected to electrophoresis in 
1.2% agarose gel and stained with ethidium bromide. 
The identities of PCR products were confirmed by re- 
striction enzyme digestion. The gels were blotted onto 
nvlon membrane (BIO-RAD, Hercules, CA) in 10x 
SSC Southern blot was conducted as described before 
(Eisinger and Serrero, 1993; Quinn et al.. 1996) using 
corresponding sense primer for each PCR product as a 
probe. The probes were end labeled with [y- "P] ATP 
using T4 polynucleotide kinase (Life Technologies). 
The RT-PCR analysis was repeated at least three times 
for each of the two independent experiments. The prim- 
ers used for amplification of PR and IGF-IR were syn- 
thesized according to published sequences (Quinn et 
al.. 1996; Hobisch et al., 1997). The primers for TGF-a, 
TGF-ß2   and ß-actin were obtained from Clontech 
(Palo Alto, CA). The sizes of amplified PCR fragments 
were 297 bp for TGF-a, 755 bp for IGF-IR, 838 bp for 
ß-actin. 415 bp for TGF-ß2. and 742 bp for PR. 

Statistics 

Experiments were carried out in triplicate and data 
were expressed as mean r SD. Two-tailed Student's t- 
test was used for statistical analysis of the data. P < 
0.05 was taken as the level of significance. 

RESULTS 
Effect of resveratrol on the growth of MCF-7 

cells cultivated in DME-F12 supplemented 
with 5% FBS 

MCF-7 cells were plated in DME-F12 medium sup- 
plemented with 5% FBS in the presence of increasing 
concentrations of resveratrol. Control cells were 
treated with the same volume of vehicle only (0;1% 
ethanol). As shown in Figure 1. resveratrol inhibited 
the growth of MCF-7 cells in a dose-dependent fashion. 
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Fig. 1. Effect of resveratrol on the growth of MCF-7 cells cultivated 
ra regular medium. MCF-7 cells were plated at 105 cells per well in 
24-well plates in DME-F12 medium plus 5% FBS either in the ab- 
sence (0.1^ ethanol only) or in the presence of indicated concentra- 
tions of resveratrol. Cell number per well was determined every other 
day until day 6. Values are expressed as mean r SD of triplicate 
determinations. 

Addition of 10 ° M resveratrol resulted in an 82% 
inhibition of MCF-7 cell growth after 6 days while at 
10 M, only a 10% inhibition was observed. The cells 
treated with 10 ° M resveratrol had a doubling time of 
60 hr whereas control cells doubled every 30 hr. Trypan 
blue exclusion assay showed that at concentrations of 
10 ° M or lower, resveratrol did not affect cell viability 
(90% viable cells) whereas at 10 ~4 M, only 50% of the 
cells were viable after 6 days of resveratrol treatment 
'data not shown). Moreover, MCF-7 cells did not un- 
dergo apoptosis after incubation with resveratrol at 
concentration of 10 * M as determined by ApoAlert 
Annexin V Apoptosis kit i Clontech > (data not shown). 

Effect of resveratrol on the growth of MCF-7 
cells cultivated in estrogen-depleted medium 
MCF-7 cells were plated in estrogen-depleted 

PFMEM medium for 24 hr, as described in the Mate- 
rials and Methods section. Resveratrol was added at 
ehe indicated concentrations and cells were counted at 
day 6 (Fig._2). Resveratrol alone at a concentration as 
low as 10 ' M had a growth-promoting effect on MCF-7 
cells cultivated in estrogen-depleted medium. The 
stimulatory effect of resveratrol reached a maximum at 
10 M. However, resveratrol was not as potent a 
growth stimulator as E2 since the maximal stimulation 
of MCF-7 cell growth with resveratrol (10-6 M) was 
only twofold over control while a fourfold stimulation 
was observed with 10 9 M E2. In contrast, when the 
cells were cultivated in the estradiol-depleted medium 
PFEM, a 10 ° M concentration of resveratrol com- 
pletely inhibited the growth of MCF-7 cells. No evi- 
dence of cytotoxicity measured by trypan blue exclu- 
sion or apoptosis measured with the ApoAlert Annexin 
V Apoptosis kit was observed after MCF-7 cells were 
exposed to resveratrol at concentrations of 10 "5 M and 
lower (data not shown). 
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Fig. 2. Effect of resveratrol on the growth of MCF-7 cells in estrogen- 
depleted medium. MCF-7 cells were plated at 5 x 104 cells per well in 
24-well plates in phenol-red free a-MEM plus 5% charcoal-stripped 
FBS (PFMEM) for 24 hr. The medium was then removed and replaced 
with the same PFMEM medium in the presence of various concentra- 
tions of resveratrol or 10 9 M E., only <Ei as indicated in the figure 
Control cells (C) received 0.1% ethanol only. The cell number was 
measured at day 6. Values are mean = SD of triplicate determina- 
tions. 

Resveratrol antagonizes E2-mediated 
stimulation of MCF-7 cell growth 

Since E2 is the major stimulator of MCF-7 cell 
growth, we next examined the effect of resveratrol on 
E2-mediated MCF-7 cell growth. MCF-7 cells were 
seeded in PFMEM medium. Indicated concentrations 
of resveratrol and E2 were added 24 hr later and cells 
were counted at day 6. First we examined the effect of 
5 x 10 6 M of resveratrol on growth of MCF-7 cells 
cultivated in the presence of increasing concentrations 
of E2. Figure 3A shows that resveratrol (5 X 10~6 M) 
dramatically inhibited the growth-promoting effect of 
E, at all concentrations tested (from 10~12 to 10~9 M). 
When added in the presence of E2 up to 10"10 M, 
resveratrol completely inhibited the E,-mediated 
MCF-7 cell growth since the cell number after 6 days 
was similar to the one measured for control cells main- 
tained in estrogen-depleted medium in the absence of 
resveratrol. 

In the next experiment, MCF-7 cells were cultivated 
in the presence of a constant E2 concentration (10~9 M) 
and increasing concentrations of resveratrol in order to 
examine the antiestrogenic potential of different con- 
centrations of resveratrol. As shown in Figure 3B, res- 
veratrol antagonized the effect of E, in a dose-depen- 
dent manner, starting from 10 "s M. Ä 50% inhibition of 
E2 effect was observed at a resveratrol concentration of 
5 x 10 6 M. Maxima] growth inhibition was achieved 
in the presence of 10 ~* M of resveratrol. 

In summary, we show that resveratrol, by itself a 
weak growth stimulator, antagonizes the growth-stim- 
ulatory effect of E2 in a dose-dependent fashion when 
added in the presence of E2. 
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Fie 3 Resveratrol antagonize; the E.,-mediated growth in MCF-7 
cells The culture conditions of MCF-7 cells were similar to the ones 
used in the legend of Figure 2 with indicated concentrations of E^ and 
resveratrol. Cells were counted at day 6. Values are mean _ bU ot 
triplicate determination-. A: Effect of 5 • 10" M resveratrol on the 
MCF-7 cell °TOwth mediated ov different concentrations ot k.... a. 
Effect of different concer.traticr.s of resveratrol on MCF-, cell growth 
mediated by 10 "J M E,. The cor.-.rol cells received either 0.1<> ethanol 
onlv <C< or'lO"' M E. only E 

Resveratrol antagonizes the PR expression 
stimulated by E2 

In order to investigate further the antiestrogenic 
action of resveratrol. we examined whether resveratrol 
antagonized the effect of E2 on the mRNA expression of 
an E.,-inducible gene product such as PR. PR is the 
most "responsive of all the estrogen-regulated RN As 
studied so far (May et al.. 1989). Using RT-PCR tech- 
nique, PR mRNA expression was examined in ML!1 - / 
cells treated or not with resveratrol and E2. As shown 
in Figure 4, resveratrol alone stimulated PR expres- 
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Fie 4 Effect of resveratrol on PR mRNA expression stimulated by 
E MCF-7 cells were plated in DME-F12 medium supplemented with 
5"c FBS Two days later, cells were starved in PFMEM medium tor J4 
hr Cells were treated either with 0.1% ethanol as control (C); 10 M 
E, onlv (E); increasing concentration of resveratrol alone or in the 
presence of 10 ~» M E„; or indicated concentrations of 4-OH-tamoxiten 
in the presence of W'~9 M E,. Total RNA was isolated 24 hr later. PR 
mRNA expression was examined using RT-PCR as described in Ma- 
terials and Methods. The PR signals were scanned and normalized to 
ß-actin internal control and the results were expressed as fold induc- 
tion in comparison to control. Values correspond to mean _ bU ot 
three independent experiments. 

sion, reaching a maximum of 10-fold at 10 M (P < 
0 01) whereas stimulation by E2 (10 M) alone was 
22-fold (P < 0.005). When added in the presence of E2 
(10~9 M), resveratrol inhibited PR expression in a dose- 
dependent manner similarly to the antiestrogen 4-OH- 
tamoxifen. At 10~5 M, resveratrol inhibited PR expres- 
sion by 50% (P < 0.002) and by 75% (P < 0.02) at 3 x 
10~5 M. The fact that the maximal stimulation ot FK 
mRNA expression obtained with resveratrol alone was 
only about one half of the one observed with E2 alone is 
in agreement with the moderate-growth stimulatory 
effect of resveratrol on MCF-7 cells cultivated in the 
absence of E2 (Fig. 2), suggesting that resveratrol by 
itself acts as a weak estrogen. 

Resveratrol effect on mRNA expressions of 
autocrine growth factors and their receptors 
Cell growth study had shown that long-term incuba- 

tion of MCF-7 cells with resveratrol in the presence of 
Eo dramaticallv inhibited their growth (30%-90% inhi- 
bition after 6 davs at lO^ M of resveratrol). Exper> 
ments were then performed to investigate the effect ot 
resveratrol on the mRNA expression of growth factors 
and growth factor receptors synthesized by breast can- 
cer cells and known to be important for their growth. 
Usino- RT-PCR. the expression of mRNA for TGF-a. 
TGF-°ßs. IGF-I. IGF-II as well as their receptors was 
examined in MCF-7 cells treated for 6 days with 5 *■ 
10"6 M and 10"5 M resveratrol. The most noticeable 
changes were the significant inhibition of TGF-a and 
IGF-IR mRNA expressions as well as a dramatic ele- 
vation of TGF-ß2 mRNA expression after resveratrol 
treatment. 

As shown in Figure 5, resveratrol inhibited tue 
TGF-a and IGF-IR mRNA expressions in a dose- 
dependent fashion. 10~5 M resveratrol inhibited the 
expression of TGF-a mRNA by 87% (P < 0.001) and 
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IGF-IR mRNA by 907 iP < 0.002 . There was a slight 
acrease in IGF-II mRNA expression while IGF-I 
aRNA was not detected by RT-PCR (data not shown) 
rnirCTTa

o
lgeS

J
W^5fr.0bsen'ed in the mRNA expression of 

R^-IIR and EGFR after resveratrol treatment (data 
not shown). 

TGF-ß2 has been regarded as a negative growth 

regulator for breast cancer cells and a marker for mea 
suring antiestrogenic action in vitro and in vivo since 
its expression is stimulated by antiestrogen (Butta et 
al. 1992; Kopp et al., 1995; Krabbe et 1, 1996 Mac- 
Callum et al., 1996; Muller et al., 1998). A sixfold 
T"ea^Sf JG£-ß2 mRNA exPression was observed 
after MCF-7 cells were treated with 5 X HT6 M res- 
veratrol (P < 0.01). At 10-5 M, resveratrol significantly 
stimulated TGF-ß2 mRNA expression up to 15-fold 
above the control (P < 0.02). In contrast to TGF-S2 no 
change in the expression of TGF-ß 1, TGF-ß3, and 
ICrr-ß receptor mRNAs was observed in these condi- 
tions (data not shown). Finally, resveratrol (10~5 M) 
had no effect on ER mRNA expression (data not 
shown). A similar effect of resveratrol on IGF-IR, TGF- 
^£n-7d Tf?F~a mRNA expression was observed' when 
AlLr-7 cells were cultured in PFMEM medium supple- 
mented with E2 (data not shown). 

DISCUSSION 
The results presented in this study show that res- 

veratrol inhibits the growth of ER-positive human 
breast cancer MCF-7 cells. We further demonstrate 
that resveratrol, itself a partial ER agonist, antago- 
nizes the growth-stimulatory effect of E, in a dose- 
dependent fashion both at the cellular level (cell 
growth) and at the molecular level (gene activation). At 
o x 10     M. resveratrol significantlv inhibited MCF-7 
^n-fi0^    medi

qated by all concentrations of E2 tested 
HO    - M to 10     Mi. The antiestrogenic effect of res- 
veratrol could be observed when added at concentra- 
tions of 10     Mand above. MCF-7 cells from which 
resveratrol (10"° M) had been removed after 3 days 
incubation failed to regain any growth advantage over 
the cells continuously maintained in the presence of 
resveratrol (data not shown). Moreover, cells that had 
been incubated for 3 days with resveratrol (10~5 M) 
and had been replated in medium without resveratrol 
still continued to grow at a reduced rate (data not 
shown) These data would suggest that the inhibitory 
effect of resveratrol on MCF-7 cell growth is irrevers- 
ible. One possible explanation is that resveratrol may 
have induced differentiation of the MCF-7 cells. To test 
this hypothesis, we measured expression of lactalbu- 
min protein, a differentiation marker of mammary cells 
(Russo et al., 1990). We found that lactalbumin expres- 
sion measured by immunocytochemistry was inhibited 
^th

5
er,,than eleyated in cells treated for 6 davs with 

10      M resveratrol (data not shown). Moreover   we 
could not detect any change in the mRNA expression of 
MLC-1 mucin gene, a marker associated with the de- 
gree of malignancy of breast cancer (Spicer et al 
199o'. Apparently, the irreversible inhibition by res- 
veratrol on the growth of MCF-7 cell was due to rea- 
sons other than induction of differentiation 

Resveratrol did not affect the MCF-7 cell viability 
when used at concentration of 10~5 M as determined by 
trypan blue exclusion assav. However at 1'0"4 M only 
about 507 of the cells treated for 6 davs with resvera- 
trol remained viable. Mgbonyebi et al. (1998) observed 
a significant effect of resveratrol on the viability of 
breast cancer, cells but only at concentrations higher 
than o x lO-'M. Recently. Clement et al. (1998) also 
reported that T47D human breast cancer cells under- 
went apoptosis in the presence of resveratrol (3 2 X 
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10 ~5 M). We did not observe apoptosis from MCF-7 
cells after exposure to resveratrol at concentrations of 
10~5 M although a significant inhibition of cell growth 
was observed. 

At the molecular level, our data showed that resvera- 
trol antagonized the stimulatory effect of E2 on PR 
mRNA expression in a dose-dependent manner. Res- 
veratrol alone activated PR mRNA expression, but 
when combined with E2 (10~9 M), it inhibited PR 
mRNA expression. Autocrine growth factors have been 
shown to play an important role in the regulation of 
breast cancer cell growth (Yee et al., 1988; Lippman 
and Dickson, 1989; May and Westley, 1995; Jones and 
Clemmons. 1995; Dickson and Lippman, 1995). Since 
resveratrol inhibited the growth of MCF-7 cells in the 
presence of E2, it was interesting to examine whether it 
would affect the expressions of several autocrine 
growth factors and their receptors. The most obvious 
changes observed in the cells treated with resveratrol 
were a significant inhibition of TGF-a mRNA expres- 
sion (87% inhibition with 10~5 M of resveratrol) and of 
IGF-IR mRNA expression (90% inhibition with 10~5 M 
of resveratrol). TGF-a has a growth-promoting effect 
on human breast cancer cells in culture. Its expression 
is induced bv E., and suppressed by antiestrogen 
'Lippman et al., 1988; Dickson, 1990). IGF-IR has also 
been described as a target of estrogen regulation and 
its induction is important for an E.,-mediated prolifer- 
ate effect in MCF-7 cells (Stewart et al., 1990). Since 
the growth-promoting effect of E2 requires the presence 
of TGF-a and IGF-IR, the inhibition of their expression 
by resveratrol might result in an inhibition of cell 
growth. Moreover, the fact that resveratrol also inhib- 
ited TGF-a and IGF-IR mRNA expression in cells cul- 
tivated in PFMEM medium in the presence of E2 may 
reflect the antagonism of estrogen action since these 
two genes are known to be estrogen responsive. 

Our results also showed for the first time that res- 
veratrol dramatically stimulated TGF-ß2 mRNA ex- 
pression (15-fold) in MCF-7 cells without any change in 
TGF-ßl and TGF-ß3. TGF-ßs have been shown to act 
as negative autocrine regulators that inhibit the 
growth of most breast cancer cell lines (Knabbe et al., 
1987; Wang 1995, 1996'. The TGF-ß family includes 
three isoforms, TGF-ßl. TGF-ß2. and TGF-ß3. Growth 
stimulation of estrogen-dependent breast cancer cells 
with E2 is associated with the down-regulation of 
TGF-ß2~ and TGF-ß3 mRNAs whereas growth inhibi- 
tion of these cell lines by the antiestrogen (tamoxifen) 
is associated with elevated TGF-32 mRNA expression 
'Jenget al.. 19931. In fact, part of the growth-inhibitory 
effect of antiestrogen is thought to be mediated 
through the induction of TGF-ßs Knabbe et al.. 1987; 
Zugmaier et al., 1989; Arteaga et al., 1990; Arrick et 
al.. 1990: Jeng et al.. 1993 . It is believed that in MCF-7 
cells, antiestrogen compounds firs: induce the secretion 
of TGF-ßl via a nontranscriptional pathway: TGF-ßl 
in turn induces TGF-ß2 by a direct transcriptional 
mechanism (Knabbe et al.. 1996 . There is still some 
controversy regarding the role of TGF-ßs in the 
growth-inhibitory effect of antiestrogen. Recently. Koli 
et al. (19971 reported that blockade of TGF-ß signaling 
using the dominant negative TGF-ß2 receptor in com- 
bination with a neutralization assay failed to prevent 
antiestrogen-mediated growth inhibition of MCF-7 

cells. Regardless of the conflicting reports about its 
importance for the regulation of breast cancer cell 
growth, TGF-ß2 has been widely accepted as a marker 
of antiestrogen action in vitro and in vivo (Knabbe et 
al., 1996; Kopp et al., 1995; MacCallum et al., 1996; 
Muller et al., 1998). Thus, the stimulation of TGF-ß2 
mRNA expression by resveratrol is in agreement with 
its antiestrogenic effect which is also shown by its 
ability to inhibit PR mRNA expression stimulated by 
E2. In support of this conclusion, we have shown that 
resveratrol simulated TGF-ß2 mRNA expression in 
MCF-7 cells cultivated not only in complete medium 
but also cultivated in defined medium in the presence 
of E2 (data not shown). This also provides a possible 
mechanism for the effect of resveratrol as a growth 
inhibitor for MCF-7 cells. 

Gehm et al. (1997) have shown by competitive bind- 
ing of radiolabeled estradiol in the presence of resvera- 
trol with a clone of MCF-7 cells that resveratrol was a 
weak ligand for the ER. The IC30 for resveratrol to 
inhibit 0.1 nM 125I-estradiol binding to ER was about 
10~5 M. They also indicated that resveratrol. acting as 
a pure ER agonist, stimulated the growth of a clone of 
MCF-7 cells in the absence of estrogen. However, the 
effect of resveratrol on cell growth in the presence of E2 
was not examined in this study. While our studies were 
being carried out, Mgbonyebi et al. (1998) reported that 
resveratrol was a growth inhibitor of several ER-posi- 
tive and ER-negative human breast cancer cell lines. 
However, these studies did not provide any mechanis- 
tic explanation for this effect. In our studies, we show 
that at low concentrations, resveratrol is a partial ER 
agonist like tamoxifen. However, at higher concentra- 
tions, in the presence of E2, resveratrol will antagonize 
the E2 effect, resulting in growth inhibition of breast 
cancer cells. Our studies propose that this growth in- 
hibition may be due to the ability of resveratrol to 
modulate the expression of several autocrine growth 
modulators and/or their receptors in the breast cancer 
cells. The most likely mechanism could be an anties- 
trogenic effect of resveratrol due to direct competition 
of resveratrol with E2 for binding to ER as was sug- 
gested for other phytochemicals (Adlercreutz et al., 
1992; Miksicek, 1993; Ruh et al., 1995). But other 
mechanisms might also be involved, such as prevention 
of ER binding to estrogen-responsive element (ERE) or 
of ER-mediated transactivation. Finally, our data also 
suggest that the antiestrogenic effect of resveratrol 
may not be the sole mechanism  for its  growth- 
inhibitory effect on breast cancer cells. We have shown 
that resveratrol is also capable of inhibiting the growth 
of the ER-negative MDA-MB-468 cells, although less 
effectively than on the ER-positive MCF-7 cells iLu and 
Serrero. unpublished results). Resveratrol has been 
reported to be a potent inhibitor of ribonucleotide re- 
ductase and cycloooxygenase-2 (Fontecave et al., 1998; 
Subbaramaiah et al.. 1998). It can also inhibit NADH: 
ubiquinone oxidoreductase 'Fang and Casida, 1998) 
and DNA polymerase (Sun et al., 1998). The inhibition 
of these key enzymes involved in cell metabolism may 
explain some of the antiproliferative effects of resvera- 
trol, particularly observed in ER-negative cells. 

There is no pharmacokinetics information available 
about resveratrol metabolism in the human body. It is 
believed that a couple of glasses of wine could provide 
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a two-digit micromolar concentration of resveratrol 
where most of the pharmacological effects of resvera- 
trol are observed (Jang et al., 1997). The findings that 
esveratrol presents antiestrogenic activity and also 
.lhibits the growth of ER-negative breast cancer cells 

raise an interesting question about its potential role as 
a chemopreventive agent. People in France have a 
lower incidence of ischemic heart disease despite their 
notoriously high fat diet, a phenomenon defined as the 
French Paradox (Renaud and de Lorgeril, 1993). Con- 
sumption of red wine rich in resveratrol is believed to 
be the most likely cause of this so-called French Para- 
dox (Frankel et al., 1993; Renaud and de Lorgeril, 
1993; Soleas et al.. 1997). In term of cancer prevention, 
reports in the literature have also indicated an inverse 
•elationship between breast cancer and wine consump- 
tion (not simply alcohol consumption; Renaud and de 
Lorgeril, 1993; Gronbaek et al, 1995). Based on this 
report and the data presented here, resveratrol is def- 
initely an interesting compound worthy of further in- 
vestigation for its chemopreventive potential. 

ACKNOWLEDGMENTS 

R.L. is a recipient of the Dr. Frank J. Slama En- 
dowed Predoctoral Fellowship. 

LITERATURE CITED 
Adlercreutz H. Mousavi Y. Clark J. Hockerstedt K, Hamalainen E, 

Wahala K. Makela T. Hase T. 1992. Dietary phytoestrogens and 
cancer: in vitro and in vivo studies. J Steroid Biochem Mol Biol 
41:331-337. 

Arrick BA. Korc M. Derynck R. 1990. Differential regulation of ex- 
pression of three transforming growth factor beta species in human 
breast cancer cell lines bv estradiol. Cancer Res 50:299-303. 

Arteaga CL. Coffey RJ Jr.'Dugger TC. McCutchen CM, Moses HL. 
Lyons RM. 1990. Growth stimulation of human breast cancer cells 
with anti-transforming growth factor beta antibodies: evidence for 
negative autocrine regulation bv transforming growth factor beta. 
Cell Growth Differ 1:367-374. 

Butta A. MacLennan K. Flanders KC. Sacks NP. Smith I. McKinna A. 
Dowsett M, Wakefield LM. Sporn MB. Baum M. Colletta AA. 1992. 
Induction of transforming growth factor beta 1 in human breast 
cancer in vivo following tamoxifen treatment. Cancer Res 52:4261- 
4264. 

Clement MV. Hirpara JL. Chawdhury SH. Pervaiz S. 1998. Chemo- 
preventive agent resveratrol. a natural product derived from 
grapes, triggers CD95 signaling-dependent apoptosis in human tu- 
mor cells. Blood 92:996-1002. 

Collins BM. McLachlan JA. Arnold SF. 1997. The estrogenic and 
antiestrogenic activities of phytochemicals with the human estro- 
gen receptor expressed in yeast. Steroids 62:365-372. 

Dercks W. Creasy LL. 1989. Influence of tbsetvi-AL on phytoalexin 
accumulation in the plasmopara viticoia-grapevine interaction. 
Physiol Mol Plant Pathol 34:203-213. 

Dickson RB. 1990. Stimulator.- and inhibitory growth factors and 
breast cancer. J Steroid Biochem Mol Bioi 37:795-803. 

Dickson RB. Lippman ME. 1995. Growth factors in breast cancer. 
Endocr Rev 16:559-539. 

Eisinger DP. Serrero G. 1993. Structure of the gene encoding mouse 
adipose differentiation-related protein ADRP>. Genomics 16:638- 
644. 

Fang N. Casida JE. 1998. Anticancer action of cube insecticide: cor- 
relation for rotenoid constituents between inhibition of NADH: 
ubiquinone oxidoreductase and induced ornithine decarboxylase 
activities. Proc Natl Acad Sei USA 95:33 50-3384. 

Fontecave M. Lepoivre M. Elleingand E. Gerez C. Guittet O. 1998. 
Resveratrol. a remarkable inhibitor of nbonucleotide reductase. 
FEBS Lett 421:277-279. 

Frankel EN. VVaterhouse AL. Kinsella JE. 1993. Inhibition of human 
LDL oxidation by resveratrol. Lancet 341:1103-1104. 

Gehm BD, McAndrews JM. Chien PY. Jameson JL. 1997. Resveratrol. 
a polyphenolic compound found in grapes and wine, is an agonist for 
the estrogen receptor. Proc Natl Acad Sei USA 94:14138-14143. 

Gronbaek M, Deis A. Sorensen IT. Becker U, Schnohr P, Jensen G. 

1995. Mortality associated with moderate intakes of wine, beer, or 
spirits. Br Med J 310:1165-1169. 

Harborne JB. 1994. Phytochemistry. 1" Ed. New York: Van Nostrand 
Reinhold Co. 

Hobisch A, Hittmair A, Daxenbichler G, Wille S, Radmayr C, Hobisch- 
hagen P, Bartsch G, Klocker H, Culig Z. 1997. Metastatic lesions 
from prostate cancer do not express oestrogen and progesterone 
receptors. J Pathol 182:356-361. 

Ide H, Yoshida T, Matsumoto N, Aoki K, Osada Y, Sugimura T, 
Terada M. 1997. Growth regulation of human prostate cancer cells 
by bone morphogenetic protein-2. Cancer Res 57:5022-5027. 

Jang M. Cai L, Udeani GO, Slowing KV, Thomas CF, Beecher CW, 
Fong HHS, Farnsworth NR, Kinghorn AD, Mehta RG, Moon RC, 
Pezzuto JM. 1997. Cancer chemopreventive activity of resveratrol, 
a natural product derived from grapes. Science 275:218-220. 

Jeng M-H. Dijke PT, Iwata KK, Jordan VC. 1993. Regulation of the 
levels of three transforming growth factor beta mRNAs by estrogen 
and their effects on the proliferation of human breast cancer cells. 
Mol Cell Endocrinol 97:115-123. 

Jones JL Clemmons DR. 1995. Insulin-like growth factors and their 
binding proteins: biological actions. Endocr Rev 16:3-34. 

Katzenellenbogen BS, Kendra KL, Norman MJ, Berthois Y. 1987. 
Proliferation, hormonal responsiveness, and estrogen receptor con- 
tent of MCF-7 human breast cancer cell growth in the short-term 
and long-term absence of estrogens. Cancer Res 47:4355-4360. 

Knabbe C, Lippman ME. Wakefield LM, Flanders KC, Kasid A, 
Derynck R, Dickson RB. 1987. Evidence that transforming growth 
factor-beta is a hormonally regulated negative growth factor in 
human breast cancer cells. Cell 48:417-428. 

Knabbe C. Kopp A. Hilgers W. Lang D. Müller V. Zugmaier G. Jonat 
W. 1996. Regulation and role of TGF beta production in breast 
cancer. Ann NY Acad Sei 784:263-276. 

Koli KM. Ramsey TT. Ko Y. Dugger TC. Brattain MG, Arteaga CL. 
1997. Blockade of transforming growth factor-beta signaling does 
not abrogate antiestrogen-induced growth inhibition of human 
breast carcinoma cells. J Bioi Chem 272:8296-8320. 

Kopp A. Jonat W, Schmahl M. Knabbe C. 1995. Transforming growth 
factor beta 2 (TGF-beta 2i levels in plasma of patients with meta- 
static breast cancer treated with tamoxifen. Cancer Res 55:4512- 
4515. 

Lippman ME. Dickson RB. 1989. Mechanisms of growth control in 
normal and malignant breast epithelial growth regulation. Recent 
Prog Horm Res 45:383-440. 

Lippman ME. Dickson RB, Gelmann EP, Rosen N, Knabbe C. Bates S, 
Bronzert D. Huff KM. Kasid A. 1988. Growth regulatory peptide 
production bv human breast carcinoma cells. J Steroid Biochem 
30:53-61. 

MacCallum J. Keen JC. Bartlett JM. Thompson AM. Dixon JM. Miller 
WR. 1996. Changes in expression of transforming growth factor 
beta mRNA isoforms in patients undergoing tamoxifen therapy. 
Br J Cancer 74:474-478. 

Makela SI. Pylkkanen LH. Santti RS. Adlercreutz H. 1995a. Dietary 
soybean may be antiestrogenic in male mice. J Nutr 125:437-445. 

Makela S. Santti R. Salo L. McLachlan JA. 1995b. Phytoestrogens are 
partial estrogen agonists in the adult male mouse. Environ Health 
Perspect 103lsuppli 7:123-127. 

Markaverich BM. Webb B, Densmore CL, Gregory RR. 1995. Effects 
of coumestrol on estrogen receptor function and uterine growth in 
ovariectomized rats. Environ Health Perspect 103:574-581. 

May FE. Westley BR. 1995. Estrogen regulated messenger RNAs in 
human breast cancer cells. Biomed Pharmacother 49:400-414. 

May FE. Johnson MD. Wiseman LR. Wakeling AE. Kastner P. West- 
ley BR. 19S9. Regulation of progesterone receptor mRNA by oestra- 
diol and antiestrogens in breast cancer cell lines. J Steroid Biochem 
33:1035-1041. 

McLachlan JA. 1995. Estrogens in the environment II. I" Ed. New- 
York: Elsevier. 

Mgbonyebi OP. Russo J. Russo IH. 1998. Antiproliferative effect of 
svnthetic resveratrol on human breast epithelial cells. Int J Oncol 
12:365-369. 

Miksicek RJ. 1993. Commonly occurring plant flavonoids have estro- 
genic activity. Mol Pharmacol 44:37-43. 

Mousavi Y. Adlercreutz H. 1992. Enterolactone and estradiol inhibit 
each other's proliferative effect on MCF-7 breast cancer cells in 
culture. J Steroid Biochem Mol Biol 41:615-619. 

Müller V. Jensen EV. Knabbe C. 1998. Partial antagonism between 
steroidal and nonsteroidal antiestrogens in human breast cancer 
cell lines. Cancer Res 58:263-267. 

Quinn KA. Treston AM. Unsworth EJ. Miller MJ, Vos M, Grimley C, 
Battey J. Mulshine J, Cuttitta F. 1996. Insulin-like growth factor 



304 
LU AND SERRERO 

expression in human cancer cell lines. J Biol Chem 271:11477- 

Ä de Lorgeril M. 1993 The French P"«^*^^*»™ 
and cigarette smoking-related health risks. Ann NY Acad Sei 686. 
299—309 

Ruh MF, Zacharewski T, Connor K, Howell J, Chen I, Safe S. 1995. 
Naringenin: a weakly estrogenic bioflavonoid that exhibits anties- 
trogenic activity. Biochem Pharmacol 50:1485-1493 

Russo J, Gusterson BA, Rogers AE, Russo IH, Welhngs SR, van 
Zwieten MJ. 1990. Comparative study of human and rat mammary 
tumorigenesis. Lab Invest 62:244-278. 

Setchell KDR, Adlercreutz H. 1998. Role of gut flora in toxicity and 
cancer. 1st Ed. London: Academic Press. 

Soleas GJ, Diamandis EP, Goldberg DM. 1997. Resveratrol; a mole- 
cule whose time has come? and gone? Clin Biochem 30:91-11<J. 

Spicer AP, Rowse GJ, Lidner TK. Gendler SJ. 1995 Delayed mam- 
mary tumor progression in Muc-1 null mice. J Biol Chem £iV. 
30093—30101 

Stewart A, Johnson MD, May FE. Westley BR. 1990. Role of insulin- 
like growth factors and the type I insulin-like growth factor receptor 
in the estrogen-stimulated proliferation of human breast cancer 
cells. J Biol Chem 265:21172-21178. 

Subbaramaiah K, Chung WJ, Michaluart P, Telang: N  Tanabe T 
Inoue H, Jang M, Pezzuto JM. Dannenberg AJ. 1998. Resveratrol 

inhibits cyclooxygenase-2 transcription and activity in phorbol es- 
ter-treated human mammary epithelial cells. J Biol Chem 273: 
91 ft7*v—91 fiRO 

Sun NJ, Woo SH, Cassady JM, Snapka RM. 1998. DNA polymerase 
and topoisomerase II inhibitors from Psoralea coryhfoha. J Nat 
Prod 61:362-366. 

Wang J, Sun L, Myeroff L, Wang X, Gentry LB, Yang J, Liang J, 
Zborowska E, Markowitz S, Willson JKV, Brattain MG. 1995 Dem- 
onstration that mutation of the type II transforming growth factor 
beta receptor inactivates its tumor suppressor activity m replica- 
tion error-positive colon carcinoma cells. J Biol Chem 270:22044- 
22049 ' 

Wang J,Han W, Zborowska E, Liang J, Wang X, Willson JKV, Sun L 
Brattain MG. 1996. Reduced expression of transforming growth 
factor beta type I receptor contributes to the malignancy of human 
colon carcinoma cells. J Biol Chem 271:17366-17371. 

Yee D, Cullen KJ, Paik S, Perdue JF, Hampton B, Schwartz A, 
Lippman ME, Rosen N. 1988. Insulin-like growth factor II mKMA 
expression in human breast cancer. Cancer Res 48:6691-6696. 

Zugmaier G, Ennis BW, Deschauer B, Katz D, Knabbe C, Wilding L, 
Daly P  Lippman ME, Dickson RB. 1989. Transforming growth 
factors type beta 1 and beta 2 are equipotent growth inhibitors of 
human breast cancer cell lines. J Cell Physiol 141:353-361. 



Inhibition of tumorigenicity of estrogen receptor negative human breast carcinoma MDA- 
MB-468 cells by transfection of antisense cDNA for PC-Cell Derived Growth Factor 
(PCDGF; granulin precursor). 

Runqing Lu1, and Ginette Serrero l'2* 

1 Department of Pharmaceutical Sciences 

University of Maryland School of Pharmacy 

2 Program of Oncology 

University of Maryland Marlene and Stewart Greenebaum Cancer Center 

20 N. Pine Street 

Baltimore, MD 21201, USA 

Footnotes 

* To whom correspondence should be addressed. Tel: 410-706-6639; 

Fax: 410-706-0346; Email: gserrero(S)rx.umaryland.edu 

1- This work was supported by DAMD 17-96-1-6072 from U. S. Army Medical Research and 

Material Command. R.L. is a recipient of Dr. Frank J. Slama Endowed Predoctoral Fellowship 

2- The Abbreviations used are: DME, Dulbecco' Modified Eagle's medium; E2, 17-ß estradiol; 

ER, estrogen receptor; ERE, estrogen responsive element; FBS, fetal bovine serum; IGF-I, II, 

Insulin like Growth Factor I, II; IGF-IR, insulin like growth factor I receptor; ot-MEM, a- 

modified Eagle's medium; MBP, myelin basic protein; PCDGF, PC cell derived growth 

factor; PFMEM, phenol-red free a-MEM plus 5% charcoal-stripped FBS; TGF-a, 

transforming growth factor a; 

3- You, J. and Serrero, G. manuscript in preparation 



f 

ABSTRACT 

PC-cell derived growth factor (PCDGF) is an 88 kDa glycoprotein originally purified from the 

conditioned medium of the highly tumorigenic mesenchymal teratoma-derived cell line PC and 

corresponding to the precursor of the 6 kDa polypeptides named granulins or epithelins. 

PCDGF has been shown to be overexpressed in the highly tumorigenic PC cell line and to 

stimulate its growth in an autocrine fashion. We have demonstrated that PCDGF overexpression 

in the teratoma-derived cell and its overexpression is essential for the cell tumorigenicity. We 

recently reported that PCDGF was expressed in several estrogen receptor positive (ER+) human 

mammary epithelial cells and stimulated by estrogen in a dose- and time-dependent fashion. In 

the present paper, we investigated PCDGF mRNA and protein expression in a variety of estrogen 

receptor positive (ER+) and estrogen receptor negative (ER") human breast cancer cell lines. 

Noryhern blot and western blot analysis indicate that the levels of PCDGF mRNA and protein 

expression were low in non-tumorigenic, immortalized human mammary epithelial cells and 

increased in human breast carcinomas in a positive correlation with the degree of tumorigenicity. 

Treatment of the ER" MDA-MB-468 cells with anti-human PCDGF neutralizing antibody 

resulted in a dose-dependent inhibition of their proliferation suggesting that PCDGF acts as an 

autocrine growth factor for these cells. Experiments were performed to determine whether the 

autocrine production of PCDGF was involved in the tumorigenicity of the cells. For this purpose, 

we examined the in vitro and in vivo growth properties of MDA-MB-468 cells where PCDGF 

expression had been inhibited by stable transfection of antisense PCDGF cDNA. The results 

show that inhibition of PCDGF expression resulted in a reduced cell proliferation rate in vitro. In 

A 


